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FOREWORD

This report presents the results of aero-acoustic testing and analytical studies conducted to investigate the noise
generated by various two-dimensional shrouded mixer-ejector exhaust nozzie designs. The testing was conducted
for NASA by Prait & Whitney (P&W) and General Electric Aircraft Engines (GEAE) in 2 joint program under
their respective contracts, (P&W) NAS3-26618 (Large Engine Technology (LET)) Task Order 8, and (GEAE)
NAS3-26617, Task Order 9, both under the direction of Mr. Frank Humenik, NASA Program Manager.

The NASA Task Manager for both tasks is Mr. Douglas Harrington. Mr. Alfred N. Stemn served as Task Man-
ager for P&W and Dr. M. Salikuddin served as Task Manager for GEAE.
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1. SUMMARY

This report summarizes the results of hot flow aero-acoustic tests conducted for NASA, with Pratt & Whitney
(P&W) High-Flow Two-Dimensional (2D) Exhaust Nozzles, by General Electric Aircraft Engines (GEAE) in the
GEAE Anechoic Freejet Jet Noise Facility (Cell 41) located in Evendale, Ohio. The test planning, test execution,
data reduction, and analysis were jointly performed by P&W, under Contract NAS3.26618 (LET), Task Order 8,
and GEAE, under Contract NAS3-26617 (LET) Task Order 9. The tests evaluated the impact of various geometric
and design parameters on the noise generated by a 2D, shrouded, eight lobe, mixer-gjector exhaust nozzle. The
shrouded mixer-ejector provides noise suppression by mixing relatively low energy ambient air with the hot, high-
speed primary exhaust jet. Additional attenuation was obtained by lining the shroud internal walls with acoustic
panels to absorb acoustic energy generated during the mixing process. Two mixer designs were investigated, high
mixing vortical and aligned flow axial, along with variations in shroud internal mixing area ratios and shroud
length. The shrouds were tested as hardwall or lined with acoustic panels packed with a bulk absorber. A total of 21
model configurations at 1:11.47 scale were tested. The models were tested over a range of primary nozzle pressure
ratios and primary exhaust temperatures representative of typical High Speed Civil Transport (HSCT) aerothermo-
dynamic cycles. Static and flight-simulated data were acquired during testing. A round, convergent, unshrouded
nozzle was tested to provide an acoustic baseline for comparison with the test configurations. Comparisons were
made to previous test results obtained with this hardware at the NASA-Lewis Research Center (LeRC) 9 ft x15 ft
Low-5peed Wind Tunnel (LSWT). A significant reduction in exhaust system noise was demonstrated with the 2D
shrouded nozzle designs.

Computational fluid dynamics (CFD) analysis using the P& W NASTAR Navier-Stokes code was developed
for both P& W -designed mixer-gjector configurations, nominally operating at a nozzle pressure ratio (NPR) of 3.5
and a primary jet total temperature of 1275°F. Comparisons were made with experimental data obtained in the
GEAE Cell 41 facility. Many of the observed physical trends were reproduced by the calculations.

Major Results and Conclusions

= Caution should be used when acoustic testing is performed with scale models less than 1/10 scale because
difficulties with data reduction can arise due to large atmospheric attenuation corrections.

«  The vortical mixer design with the long (216 inches full scale) acoustically treated shroud (SAR=49,
MAR=0.97) provided the largest sideline flight (V5=357 ft/sec) noise reduction, better than 15 EPNdB
below the reference convergent nozzle at 2400 fi/sec unsuppressed primary jet velocity. (SAR is defined as
the ratio of mixing plane area at the mixer exit to primary mixer throat area. MAR is defined as the ratio of
shroud exit area to mixing plane area at the mixer exit plane.)

*  The vortical mixer with the long shroud (SAR=4.9, MAR=0.97), and perforated plate over honeycomb
acoustic treatment packed with a bulk absorber, demonsirated a 5-8 EPNAB sideline noise reduction below
the long hardwall shroud at Mn=0.32 (V4=357 ft/sec) over the entire range of unsuppressed primary jet

velocity tested.

e The vortical mixer design with the long acoustically treated shroud (SAR=4.9, MAR=0.97) showed a 1 to
2 EPNJB sideline flight (V=357 ft/sec) noise reduction relative to the axial mixer design with the long
treated shroud (SAR=4.9, MAR=0.97) at unsuppressed primary jet velocity greater than 2200 fi/sec.

« The long 2D mixer-gjector designs with both treated and hardwall shroud (SAR=4.9, MAR=0.97) exhib-

ted a 2-3 EPNdB azimuthal noise increase from the sideline to community (overhead) position over the
range of unsuppressed primary jet velocity tested at V5=357 ft/sec.
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s Flight effects at V=357 ft/sec accounted for approximately 2-3 EPNdB reduction in the sideline noise for

the long treated configurations: 3 (vortical mixer, SAR=4.9, MAR=0.97), 5R (vortical mixer, SAR=4.4,
MAR=0.97) and 13 (axial mixer, SAR=4.9, MAR=0.97).

»  Acoustic data were obtained with the baseline round convergent nozzle and configuration 3 (vortical
mixer, long treated shroud, SAR=4.9, MAR=0.97) while holding various conditions constant. Data was
measured at constant jet velocity, turbine exit total temperature, and nozzle pressure ratio. The results show
that the long treated mixer-ejector was more sensitive (larger noise increase) to changes in the throttle line
than the baseline round convergent nozzle.

s The EPNL reductions from Cell 41 are similar to those obtained in the NASA-LeRC LSWT, although
spectral data show differences. The comparisons confirm technical concems related to nearfield measure-
ments and facility noise in the NASA-LeRC LSWT.

»  An aerodynamic mode switch from compound-compressible subsonic to compound-compressible sonic
flow within the ejector shroud was observed with both mixer designs. This phenomenon occurred during
testing with ambient temperature primary flow and at high NPR (greater than 4.5). The mode switch was
very gradual such that definition of the nozzle pressure ratio at which the switch occurred was subject 1o
interpretation. The mode switch with the axial mixer was more subtle than that seen with the vortical
mixer. The mode switch could be controlled at NPR values less than 4.5 by using a short ejector shroud
{120 inches full scale) and/or low MAR.

« External plume laser Doppler velocimetry (LDV) measurements of the vortical mixer-ejector with long
shroud show an effect of ejector acoustic weatment on the ejector external velocity profiles. This effect was
observed with a diffusing mixing region (MAR=1.18, SAR=4.9). Axial velocities at the ejector centerline
were nearly identical for both treated and hardwall ejectors, whereas, axial velocities between the ejector
centerline and ejector walls were higher (100 ft/sec) for the treated configurations than for the hardwail
ejector at flight-simulated conditions. Possible explanations for this are increased treated ejector wall

boundary layer blockage and effect of the thicker treated ejector boundary layer on intemal ejector shock
structure.

e Vortical nozzle calculations of shroud pressure loading produce reasonable agreement with measured data.
Predictions show: reduction in ram drag with lower flight Mach number, positive effect of flight Mach
number on thrust coefficient, and increased shroud loading with increased nozzie pressure ratio. Specific
operating points predict the presence of a strong shock in the shroud mixing region.

=  Experimental LDV measurements show that the sidewalls have an effect on the internal mixing region
fiowfield, at least near the ejector exit plane. However, away from the sidewall, the vortical nozzle calcula-
tions, which modeled one half of a mixer lobe, produced velocity profiles that were in reasonable agree-
ment with LDV measured sidewall-to-sidewall axial velocity profiles. This geometry modeling scheme
would become more appropriate if the number of mixer lobes were increased, reducing the significance of
sidewall interactions on the mixing region flowfield.

= Calculations of the shroud static pressure loading and plume axial velocity field for the axial mixer-nozzle
configurations are in poor agreement with measured LDV and static pressure data. The calculated pressure

recovery is dominated by a large scale zone of separation on the shroud surface, apparently indaced by the
lip shock/boundary layer interaction.
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2. INTRODUCTION

2.1 BACKGROUND

With the renewed national interest in developing a High Speed Civil Transport (HSCT), there is increasing
concern regarding two significant environmental issues that arise from such an aircraft system: airport commumity
noise and engine emissions (ozone depletion). The present effort describes the analysis of a two-dimensional (2D),
or planar, mixer-ejector exhaust nozzle to achieve the Federal Aviation Regulation 36 Stage III noise goals. An
ejector is a fluid dynamic pump that provides a means for pumping low energy (velocity or temperature) secondary
fluid using the kinetic energy of the primary stream. The fundamental principles of an ejector, first suggested by
von Karman, are based on increasing the thrust of the primary propulsive nozzle and mixing the high-temperature
exhaust flow with ambient air to lower jet noise. Whether acting as a pump or used to lower jet noise, the key
mechanism for the operation of the ejector is energy transfer from the primary to the secondary fluid stream
through viscous mixing. Common ejectors require long mixing ducts to entrain and mix primary and secondary
fiows. Long mixing ducts result in increased wall friction losses, extra weight, and higher costs. By incorporating a
forced mixer, energy can be transmitted from the engine stream to the fan stream in an efficient manner. This
means that significant thrust gains can be obtained for many turbofan cycles, and jet exhaust noise reduction bene-
fits may be obtained with minimal engine performance penalties. Forced mixing is dominated by large-scale sec-
ondary flows, not viscous diffusion, and is, therefore, an efficient mixing process. A key benefit of mixer-ejectors,
relative to conventional ejectors, is that good pumping and effective mixing can be achieved over very short mix-
ing duct lengths. Shortening of the ejector mixing duct in aircraft exhaust systems reduces weight and fabrication
costs. Typical mixer-ejectors show well-mixed shroud exit flows occurring in one- to two-mixing duct diameters,
as opposed to conventional ejectors, which require lengths of five to seven duct diameters.

Supersonic mixer-nozzie and mixer-ejector concepts for acrodynamic mixing enhancement were first devel-
oped at United Technologies Research Center (UTRC) under Naval Air Systems Command support (Contract
N0O0014-85-C-0506). These concepts were verified in the UTRC Acoustic Research Tunnel, and in computational
studies during the late 1980s. The tests conducted under Contract NAS3-22618, Large Engine Technology (LET),
Task 8, continue acoustic and acrodynamic investigations of the Pratt & Whitney high-flow 2D exhaust nozzle pre-
viousty tested under Contract NAS3-25952, Aero Propulsion Technology, Task 11, in the NASA Lewis Research
Center (NASA-LeRC) 9 ft x 15 ft Low Speed Wind Tunnel (LSWT) in 1991.

2.2 OBJECTIVES

The acoustic test program had two main objectives: first, the investigation of various 2D nozzle geomeiric and
design variations, and their impact on exhaust system noise; and second, a comparison of the GEAE Cell 41 facil-
ity to the NASA-LeRC LSWT, and verification of previous test results. The task also provides data that can be
compared to future results in the NASA-LeRC Nozzle Acoustic Test Rig (NATR) facility. Aerodynamic and laser
Doppler velocimetry (LDV) data were to be obtained to support the acoustic investigation and provide data for
comparisons to planned computational fluid dynamics (CFD) studies. Figure 1 shows the model mounted in the
GEAE Cell 41 test facility.

The three nozzle geometric variations were: 1) mixing area ratio (MAR), which is the ratio of shroud exit area
(Aqxo) to internal mixing plane area (A;,); 2) shroud area ratio (SAR), which is the ratio of intemnal mixing plane

area (A, 1o primary throat area (Ag»); and 3) shroud length. Two mixer design variations were investigated: a

compact vortical mixer and a longer axial mixer. Also, the effect of an acoustically treated shroud was evaluated by
comparison to a hardwall shroud.

NASA/CR—2005-213324 3
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3. TEST APPARATUS

3.1 ACQUSTIC TEST FACILITY

The General Electric Aircraft Engines (GEAE) anechoic free-jet noise facility, shown in Figure 2, is a cylindri-
cal chamber 43 ft (13.1 m) in diameter and 72 ft (21.95 m) in height. To render the facility anechoic above 220 Hz,
the inner surfaces of the chamber are lined with wedges of fiberglass wool. The facility can accommodate model
configurations up to 5.3 in. (13.5 cm) and 5.5 in. (14.0 cm) eguivalent flow diameter in the inner and outer flow

streams, respectively. The corresponding throat areas for these streams are 22 in” and 24 in”. The streams of heated
air for the dual-flow arrangement, produced by two separate natural gas bumers, flow through silencers and ple-
num chambers before entering the test nozzle. The operating domain of the facility in terms of total temperature,
pressure ratio, mass flowrate, and jet velocity is indicated in Figure 3 for single-flow and dual-flow operation under
static and simulated flight operation. Each stream can be heated to a maximum of 1960°R with the nozzle pressure
ratio (NPR) as high as 5.5, resulting in a maximum jet velocity of 3000 ft/sec. Since the nozzle configurations have
a single stream in the present program, the flow was provided through the core burner/flow delivery plenum sys-
fem.

The tertiary air stream systetn consists of a 250,000 scfm (at 50 in. of water column static pressure) fan and a
3500 horsepower electric motor. The transition duct work and silencer route the air from the discharge through the
48-in. (1.2-m) diameter free-jet exhaust. The silencer reduces the fan noise by 30 to 50 dB. Tertiary flow, at its
maximum, permits simalation up to a Mach number (Mn) of 0.4. Mach number variation is achieved by adjusting
the fan inlet vanes. The combined model and free-jet airflow is exhausted through a T-stack silencer directly over
the models in the ceiling of the chamber. The T-stack is acoustically treated to prevent high-level noise transmis-
sion to the surrounding community.

3.1.1 Facility instrumentation and Model Orientation

Figure 2 shows the facility is equipped with two systems of arrayed microphones to measure the acoustic char-
acteristics of the test models in the far field: a fixed array of microphones, and an array on a traversing tower. The
fixed array has 17 microphones mounted from the faise floor, the wall, and the ceiling of the test cell. These micro-
phones provide measurements at a minimum distance of 26.75 ft (8.15 m) from the nozzle reference location, cov-
ering the polar angle (8) range from 50 to 155 degrees. The traversing tower contains 13 microphones mounted at
polar angles ranging from 45 to 155 degrees. The tower-mounted microphones provide measurements at a distance
of 22 ft (6.7m) from the nozzle reference location. The traversing tower can be positioned at any azimuthal angle
(y) between +55 and -55 degrees with respect to the fixed microphone array.

The Pratt & Whitney (P& W) two-dimensional (2D) mixer-ejector nozzles were assembled in the orientation
shown in Figure 4. The nozzle major axis was rotated 30 degrees from the north-south facility center line. Commu-
nity noise measurements were acquired along the nozzle minor axis with the traversing tower at y= 75 degrees.
The sideline noise measurement location was defined as 25 degrees below the nozzle major axis (determined from
the nominal aircraft altitude of 689 ft and a 1476-ft sideline distance), corresponding to a tower position of y=10
degrees. The fixed microphones acquired data at y=45 degrees. Table 1 describes the relationship between the test
facility tower position and the angle relative to the engine major axis.
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Table I. Microphone Positions

Fixed Community
Sideline Microphones (Qverhead)
Position (deg) (deg) (deg)
Facility Tower Position () 10 45 75
Angle Relative to Engine Major Axis 25 60 S0

3.1.2 Data Acquisition

The test facility is supported by well-calibrated acoustic and aerodynamic data acquisition systems. Acoustic
data measured by both microphone arrays is analyzed by the online system. The online system computes 1/3-
octave band data for the model scale at a 40-ft arc, corrected to standard day conditions (59°F, 70 percent relative
humidity (PRH)). Narrowband data is measured and recorded on magnetic tapes for postprocessing. Al static and
total pressures (including model surface pressures) are measured using an aerodynamic data acquisition system.
This system consists of multiport scanivalve-contained pressure transducers, signal conditioner, and analog/digital
converters. Pressure signals are supplied to a MicroVAX computer system for analysis, or for downloading to the
mainframe computer system. Concurrently, a front-end computer with touch screen application is used for signal
and facility control, and for reai-time data monitoring. Temperature data (thermocouple signals) are fed directly to
the front-end computer.

3.1.3 Laser Doppler Velocimeter Test Capability

The test facility is equipped with a laser doppler velocimeter (LDV) system (i.e., a three dimensional laser fiber
flow system) that was used in the 2D mode to obtain axial and shroud-to-shroud flow velocity component informa-
tion (Figure 5). The optical system consists of a 60-mm diameter fiber optic probe, a 1.9X beam expander, and a
1.5X beam expander with 140-mm diameter front lens. The focal length of this lens is 200 mm. The optical system
has a 3.27234-degree beam angle, a 114.2572 mm-beam distance, 36 fringes, and a 9.0096-micron fringe spacing.
The laser doppler anemometer system is modified to obtain online data from a counter processor with an x-y plot-
ter using a Fluke 172A computer. The seeding of each flow stream is provided by individual 100-psi vacuum
pumps. For high-temperature flow, 1-micron alumina powder is used for seeding.

The flow velocity is obtained from a counter/processor through a digital/analog converter that provides a volt-
age-related Doppler frequency and a Bragg cell frequency of 40 MHz. The measured voltage is converted to flow
velocity {(meters/second) using the following:

Flow Velocity (m/sec) = [(Voltage x Amplification Factor)-40 MHz] x fringe spacing (microns)

The amplification factor for the present system is 100 with a 9.0096-micron fringe spacing. While instanta-

neous data were plotted on the x-y plotter, the measured data and the corresponding laser locations were digitized
simultaneously, averaged with 20 readings, and stored in the Fluke computer.
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3.2 HARDWARE

3.2.4 Pratt & Whitney Baseline Round Convergent Nozzle

A round, convergent, unshrouded nozzie was used as the acoustic baseline for testing. The baseline nozzle,
designed by NASA Langley Research Center, has a throat area that is equal to the nominal mixer-ejector primary

nozzle throat area (8.25 in?) (Figure 6).

3.2.2 Pratt & Whitney 2D Mixer-Ejector Nozzles

The P&W 2D High-Speed Civil Transport (HSCT) mixer-gjector nozzle models consisted of a mixer and an
gjector shroud formed by two parallel flat sidewalls held nominally 6.8-in. apart. Two adjustable flaps or shrouds
completed the ejector assembly. Figures 7, 8, and 9 describe the hardware. The mixer exit plane was axially located
at the minimum shroud area. Two different length ejector shrouds were tested: short [10.46 in. (120 in. full scale)],
and long [18.85 in. (216 in. full scale)]. For each gjector length, two types of internal wall treatment were tested: 1)
hardwall, and 2)treated, using bulk absorber filled honeycomb acoustic panels. The acoustic panels covered the
interior surfaces of the long and short ejector shrouds from the shroud throat to 2.58 in. (model scale) from the
shroud exit.

3.2.21 Varation of Shroud and Mixing Area Ratios

The movable shrouds allowed variation of the two principle area ratios used to describe the test configurations.
Figure 8 describes these ratios. The shrouds were moved paraliel to each other to adjust the shroud area ratio
(SAR), effectively changing the shroud throat height and area. The SAR is the ratio of the total shroud cross-sec-
tional area at the mixer exit (A, ;,) to the throat area of the primary mixer (Ag«). The nominal shroud throat height
was set to 6.0in. or 5.4 in., with a fixed shroud width of 6.8 in., yielding nominal SARs of 4.9 and 4.4, respectively.
The mixing area ratio (MAR) was changed by installing angled brackets to hold the shroud flaps. (The MAR 15 the
ratic of the total shroud exit area (A,,;,) to total shroud cross-sectional area at A ;) Brackets were designed to
give nominal MARs of 1.19, 0.97, and 0.88. A MAR greater than 1.0 denotes a diverging shroud mixing region,
and a MAR less than 1.0 denotes a convergent mixing region. The shrouds were always adjusted symmetrically to
produce an axial thrust vector.

The cold-inspected model dimensions, areas, and area ratios for the P& W 2D mixer-gjector acoustic and hard-
wall models are shown in Tables 2 and 3, respectively. Configurations 19 through 21 were inspected near the end
of the test program. The inspections show that the sidewalls of the long ejector had spread apart approximately
0.050 in. at the shroud exit. The brackets that hold the shroud to the sidewalls did not extend to the end of the
shroud, but ended about 7.6 in. forward of the shroud exit. This spreading was attributed to the unconstrained ther-
mal growth of the hot interior surface of the shroud aft of the bracket ends. The effect of the sidewall spreading on
the final model area ratios and test results was considered minimal.
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3.2.2.2 HMixer Design

Two mixer nozzles were tested. Both mixers were convergent-divergent type with an inspected core expansion
area ratio (CER) of 1.422 to 1.427. The nozzles were the result of an intensive computational fluid dynamics
(CFD) study that optimized lobe geometry to establish the best-mixing nozzles within the constraints of the exist-
ing geometry. The cold-inspected areas for the two mixers are shown in Table 4.

Table 4. Cold-inspected Mixer Areas

Throat Area (Ags) Exit Area (Ag) Core Expansion Area Ratio (CER)
Mixer (ir?) (in?) (AdAg)
Vortical 8.31 11.86 1.427
Axial 8.35 11.87 1.422
Average Mixer Throat Area (Agxaye) 8.33

3.2.221 Vortical Mixer

The nozzle is roughly rectangular with four lobes on each side (Figure 10). The design is intended to be shock-
free at a design condition of NPR = 4.5 and total temperature (T)=2100°R. The vortical mixer nozzle has an Ags of

8.31 in? and a measured exit area of 11.86 in%. The vortical mixer nozzle is named for the large-scale vorticity it
generates, leading to rapid mixing. The design is inherently more compact, generating relatively low wetted-area
loss.

32222 Axial Mixer

In an axial mixer, the hot primary flow is turned axially before it exits the four rectangular lobes (Figure 11).
There is no gap between the valleys of the lobes to avoid the expected hot region found in earlier designs with this
gap. The nozzle was designed to be shockfree at the design condition of NPR = 4.5 and T, = 2100°R. The mixer

nozzle has an Ag« of 8.35 in? and a measured exit area of 11.87 in’. The axial mixer nozzle mixes primarily by
using large amounts of shear layer. The axial nature of its discharge generates less thrust loss than the vortical
mixer nozzle. However, this longer, less compact nozzle should provide less rapid mixing and a higher frictional
loss due to its larger size.

32223 Mixer Penetration

Mixer penetration (PEN) is defined as the ratio of the maximum mixer exit height (Hmxe) divided by the
shroud throat height (Hm). Figures 10 and 11 show the maximum exit heights for the vortical mixer
(Hmxe=3.930 in.)and axial mixer (Hmxe=5.460 in.). With SAR=4.9 (Hm=6.0), the vortical and axial mixers were
nominally 65 percent and 90 percent penetrated, respectively. With SAR=4.4 (Hm=>5.4); the vortical mixer penetra-
tion increased to 73 percent. The axial mixer was not tested with SAR=4.4 because of mixer-shroud interference.

3.2.2.3 Ejector Shroud Liner Design

The walls of the ejector shroud were designed to hold acoustic panels on all four interior surfaces. Test results
under Task 11 of the Aeropropulsion Technology contract (NAS3-25952) indicated superior acoustic performance
was provided by the honeycomb and perforated plate acoustic panel with bulk absorber. The bulk absorber panels
provide broad spectrum sound attenuation and are relatively insensitive to scaling and noise source uncertainties.
Due to durability concerns, the bulk absorber panel is not realistic for production use; however, the acoustic perfor-
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mance of the panels is representative of good design. Programs are underway to develop a design system for realis-
tic production acoustic treatments that provide similar acoustic performance.

The shroud length-to-diameter ratio (L/D) for the acoustically treated configurations is shown in Table 5. The
parameter was calculated for the P& W 2D mixer-ejector shroud using the following equation:

L/D = U4 (Ayeated/ Across average)

where Aeaeq is the effective acoustically treated surface area inside the ejector shroud, and ‘across average’ is the
average cross-sectional flow area of the shroud. The Ay aeq term does not include the acoustic treatment area

within five lobe widths of the mixer exit. This area was assumed to be ineffective because of the high mixing rate
within this region.

Table 5. Pratt & Whitney 2D Mixer-Ejector L/D

SAR
Treated Shroud 4.4 4.9
Long 2.2 2.1
Short 0.81 0.77

The acoustic panels were constructed by packing a fibrous Kevlar material (Astroquartz} into stainless steel

honeycomb, backed by a 0.010-in. thick stainless steel plate, to a density of 4.5 1b/£>. The honeycomb was 0.5-in.
deep with 0.375-in. cell width, and 0.010-in. cell wall thickness. The packed honeycomb was covered with a
0.025-in. thick, 34-percent open porous stainless steel plate.

3.2.2.3.1 Liner Deterioration During Testing

The acoustic panels began to show deterioration following testing of the vortical mixer with SAR = 4.4, after
approximately 120 hours of testing with hot primary flow (Figure 12). Previous tests with this liner (Astroquartz
bulk material packed in a honeycomb matrix) had shown good durability; however, testing was generally of a
shorter duration. With the lower SAR, the ejector walls were positioned inward, closer to the mixer exit. This sub-
jected the bulk material to more hot flow impingement, and allowed the hot flow to attach to the ejector walls. This
positioning is believed to contribute to the deterioration. The binding agent that holds the Astroquartz fibers
appeared to evaporate after extended high-temperature testing, allowing the fibers to be blown out of the panels
through the porous plate. The availability of replacement panels facilitated evaluation of the effect of the panel
degradation. Vortical mixer Configurations 5 and 7 with SAR = 4.4 were run with the deteriorated panels; configu-
rations 5R and 7R are those same configurations retested with undamaged panels.

3.2.3 Model Instrumentation

Figures 13 and 14 show the instrumentation positions on the mixer models. Ten pressure taps and four thermo-
couples were placed on each mixer model. Five pressure taps and two thermocouples faced the hot primary flow,
with the remaining five pressure taps and two thermocouples facing the ccol secondary or entrained flowpath.
There were 20 static pressure taps installed on the internal surfaces of the long and short hardwall ejector shrouds.
Figure 15 describes the locations of the upper ejector shroud pressure taps. The taps are located along the shroud
centerline. There were no taps on the lower shroud.

NASA/CR—2005-213324 10



3.3 TEST PROGRAM

3.3.4 Model Configurations

The configurations were selected based on joint discussions among NASA Lewis Research Center (NASA-
LeRC), P&W, and GEAE 1o investigate the effects of mixer design, shroud length, flowpath area ratios, and shroud
treatment. All configurations were tested for noise. Aerodynamic data were obtained during noise testing of the
hardwall configurations, which were instrumented with static pressure taps on the internal shroud walls. Selected
configurations were tested with LDV to map the velocity fields inside the shroud, and externally downstream of the
nozzle exit. Table 6 describes the configurations tested.

3.3.2 Test Plan

3.3.2.9 Test Point Matrix

The test point matrix is constructed around the GE21/F14 L1M cycle for the 2.4-Mn HSCT This cycle
matches the other major engine cycles under current consideration up to maximum dry setting (Power Code 50).
Figure 16 compares GEAE’s VCE L1M, mixed flow turbofans (MFTFs) A-5, A-17, and A-23, and P&W’s STJ98%
TBE cycles with plots of NPR and T3 versus nozzle ideal velocity. Figure 17 shows the cycles represented as a
NPR versus T,q plot. Also shown are the cycle conditions of currently operational standard F404-400 engines up to0
maximum dry, which is a representative MFTF, and the prime candidate test bed engine for the planned HSCT Crit-
ical Propulsion Component Program. The GE L1M, A-5, A-17, and A-23 cycles are essentially the same for opera-
tion from idle to maximum dry. They differ from each other as the afterburner (A/B) is ignited. The NPR lines
flatten at about 3 to 4 for all these cycles as A/B is introduced, and the T, lines quickly rise away from the clus-
tered cycles as A/B is introduced. The F404 cycle has higher T,g at lower jot velocities (and NPRs) up to about
1500 fi/sec (and NPR =2). At higher jet velocities, this cycle is very close to the LIM cycle. The STJ989 cvcle has
slightly higher T,q for the entire jet velocity range.

Table 7 shows the 17 points run during the testing. The points are defined by the primary (core) stream nozzle
pressure ratio based on ambient pressure, turbine exit total temperature, and the resulting unmixed, ideally
expanded, primary jet velocity. Figure 18 illusirates the locations of these points on an NPR versus T,g format.
Points 1 through 7 are on the L1M cycle line. Point 8 is also on the LIM line but beyond the initiation of A/B. Point
9 is on the F404-400 cycle and was chosen for future comparison with the F404-400. Point 10 was selected to com-
pare the LDV data and CFD predictions. Points 12 and 13, along with point 5, create a constant velocity fine at
about V., = 2384 fi/sec. Points 14 and 15, along with points 6 and 10, form another constant velocity line at about
2520 fi/sec. Point 11, along with points 5, 14, 7, 10, and 12, form two isothermal lines at 1590°R and 1735°R,
respectively. Points 4, 11, 12, as well as points 7, 13, and 14, form two iso-pressure-ratio lines at 3 and 4, respec-
tively. Points 16 and 17 were selected to match the test conditions of NASA-LeRC LSWT tests of the same noz-
zles.

8.3.2.2 Test Conditions

Testing was conducted at Mn=0.0 and Mn=0.32 for all configurations. The first four configurations were also
run at Mn=0.36. The first seven configurations were run at Mn=0.30 for test point 5 only. Configurations 1, 2, 8,
and 15 were tested at Mn=0.20 for selected points for comparison to data obtained in the NASA-LeRC LSWT.
Appendix B shows the acoustic test run schedule for each configuration. Points with Ty labeled hot were run at

temperatures similar to the L1M throttle line
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Table 6. Pratt & Whitney Two-Dimensional Mixer-Ejector Exhaust Nozzle Configurations

Configuras
ion Mixer Shroud SAR MAR
Number Type Length Treatment (Amix/Age) (A exi/Amiz) Test Type

1 Baseline: 3.241-in. Diameter, Round, Convergent Nozzle Noise

2 Vortical Long Treated 49 1.19 Noise

3 Vortical Long Treated 49 0.97 Noise

4 Vortical Long Treated 49 0.88 Noise

5 Vortical Long Treated 44 097 Noise

5R Vortical Long Treated 44 097 Noise

(Repeat)

6 Vortical Long Treated 44 0.87 Noise

7 Vortical Long Treated 44 1.19 Noise

R Vortical Long Treated 44 1.19 Moise

(Repeat)

8 Vortical Long Hardwall 49 1.18 Noise; Flap Static Pressures; Ext.
LDV

9 Vortical Long Hardwall 4.9 0.97 Noise; Flap Static Pressures

10 Vortical Long Hardwall 44 1.18 Noise; Flap Static Pressures

11 Vortical Long Herdwall 44 0.97 Noise; Flap Static Pressures

12 Vortical Long Hardwall 44 G.88 Noise; Flap Static Pressures

13 Axial Long Treated 4.9 697 Noise

14 Axial Long Hardwall 4.9 1.18 Noise; Fiap Static Pressures; Ext.
LDV

15 VYortical Short Hardwall 49 1.185 Noise; Flap Static Pressures; Ext.
LDV, Int. LDV

16 Axial Short Hardwall 49 1.185 Noise; Flap Static Pressures; Ext.
LDV; Int. LDV

17 Vortical Short Hardwall 44 1.20 Noise; Flap Static Pressures

i8 Vortical Short Treated 44 1.185 Noise

19 Axial Long Hardwall 49 0.97 Noise; Flap Static Pressures

20 Axial Long Hardwall 49 0.88 Noise; Flap Static Pressures

21 Axial Long Treated 49 0.88 Noise

NASA/CR—2005-213324
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3.3.2.3 Aerodynamic Test

Aerodynamic data were obtained for all the hardwall configurations. These data consisted of static pressure
distributions along the inner wall of the upper shroud surface from forward of the shroud throat to a point near the
shroud exit. The tests were run to investigate the internal shroud flowfield change from subsonic to supersonic as
the nozzle was run along the L1M cycle line. All the hardwall configurations were run along the L1M cycle line
(hot) at Mn=0.0 and Mn=0.32, and with ambient temperature at Mn=0.0. Configurations 14, 15, 17, 19, and 20
were run at Mn=0.0 with warm conditions of 860°R. Some tests were run with small changes in NPR and T to
capture the point of transition from subsonic to supersonic flow. A check on hysteresis during the change from sub-
sonic to supersonic and back was investigated by increasing NPR and Tz in small steps to a maximum,; then NPR

and T,g were incrementally decreased, repeating the same conditions. The results of this testing are presented and
discussed in Section 4.3 of this report.

Table 7. Test Point Definition

78 Vietideal
Test Point NPR (°R) (fifsec)
1 1.5 1000 1147
2 2.0 1175 1595
3 2.5 1325 1919
4 3.0 1485 2200
5 34 1590 2384
6 3.7 1673 2520
7 4.0 1750 2637
8 45 1860 2812
9 3.4 1645 2426
10 3.5 1735 2518
11 3.0 1590 2278
12 3.0 1735 2382
13 4.0 1435 2382
14 4.0 1590 2510
15 4.5 1490 2509
16 3.0 1560 2256
17 4.0 1960 2796

3.3.2.4 Laser Doppler Velocimeter Test
The LDV tests were run primarily at Mn=0.32. Some static data were obtained for selected configurations.
Points 3, 8, and 10 (Table 7) were run to obtain LDV velocity data. Point 3 was chosen because of the lower
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primary NPR and temperature, which would provide lower internal velocities to facilitate the intemnal shroud LDV
measurements. Table 8 defines the LDV run schedule. Section 4.4 describes the results of the LDV tests.

Tabie 8. Laser Doppler Velocimeter Run Schedule

Primary Nozzle | Primary Total
Hardwall Pressure Ratio Temperature Mach Number
Mixer Shroud Length (NPR) {°R) (Mn) Comments
Axial Short 35 1735 0.32 External Plume
Survey
2.5 1325 032
Long 2.5 1325 0.32
032
35 1735
0.0
45 1860 032
Vortical Long 2.5 1325 0.32
032
35 1735
0.0
45 1860 032
Short 25 1325 032
032
35 1735
0.0
45 1860 032
0.32 Internal Survey
35 1735
0.0
25 1325 032
Long 35 1735 032 External Plume
Survey; Treated
Shroud
Axial Short 35 1735 0.32 Internal Survey
2.5 1325 0.32
35 1735 0.0

NASA/CR—2005-213324
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Figure 13. Static Pressure and Thermocouple Instrumentation for Vortical Mixer Nozzle
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4. RESULTS AND DISCUSSION

4.1 ACOUSTIC ANALYSIS AND TEST RESULTS

4.1.1 Description of Analysis Steps Used by P&W and GEAE
4.1.1.1 GEAE Acoustic Data Processing

The farfield data measured by both arrays of microphones are analyzed by the on-line system. This system
computes 1/3-octave band data for the model scale at a 40-ft arc corrected to standard day conditions (59°F and 70
percent relative humidity [PRH}), and narrow-band data as measured. These data are further processed o generate

various acoustic parameters for a full scale nozzle (Ag=1086 in?) at a sideline location (distance=1629 ft, based on
689-ft altitude and 1476-ft sideline) with standard day conditions. These parameters include sound pressure level

(SPL), sound power level (PWL), overall sound pressure level (OASPL), perceived noise level (PNL), tone-cor-
rected perceived noise level (PNLT), and effective tone-corrected perceived noise level (EPNL).

The acoustic data processing is illustrated in the flowchart of Figure 19. The background correction and flight
transformation processes are applied to the data with flight simulation. The flight transformation procedure (devel-
oped by R. Mani [Ref. 15]) wansforms the free jet noise into flight noise. The method uses the measured free jet
data, and extracts from it a basic directivity. (That directivity is what sources associated with the primary nozzie
plume would create if they were to radiate into 2 static rather than free-jet environment.) The directivity pattern is
used to estimate what the noise in flight would be. It is done by applying amalytically derived flight effects on
monopole, dipole, and quadrupole sources. The EPNL is calculated on the basis of PNLT directivity with the dura-
tion correction for the simulated flight velocity. The static condition EPNL is computed using the PNLT values,
and is termed ‘pseudo EPNL’ (assuming a flight velocity of 360 ft/sec [Mn=0.32]).

For Pratt & Whitney (P&W) requirements, the on-line 1/3-octave-band data is processed to calculate SPL,
OASPL., PNL, PNLT, and PWL at an arc of 150 ft for standard day conditions of 77°F and 70 PRH. Flight transfor-
mation is applied to the flight simulated data. These data are used by P&W to compute EPNL.

4.1.1.2 P&W Acoustic Data Processing
Acoustic data received from the test facility were scaled to a primary (core) nozzie throat area (Ags) of

1086 in?, covering the polar angles (8) from 50 to 150 degrees. The data had been adjusted to 2 150 ft arc at the
Federal Aviation Administration (FAA) standard day (77°F, 70 PRH). Data for the forward polar angles were
developed by assuming the 50 degree, 150 ft arc, spectra data forward of 50 degrees.

Pratt & Whitney flight EPNL data were calculated by extrapolating the information to the Boeing aircraft flight
path of 689 ft altitude, 1476 ft sideline distance (1629 ft hypotenuse), and 5.5 degree aircraft climb angle with 13.2
degree aircraft pitch angle. A four-engine aircraft was assumed flying over grass with extra ground attenuation
(EGA) and adjacent engine exhaust shielding. The modified FAA tone comections with Amendment 15 {dated
April 5, 1988) for 800 to 10,000 Hz were used. The flight Mach number (Mn) was set to that tested in the facility.
Static acoustic results were calculated by assuming a flight velocity of 357 ft/sec (Mn=0.32) to provide a time scale
for the duration portion of the EPNL calculation. Results in the form of tone-comrected PNLT directivity and SPL
spectra were extrapolated to the 1629 ft sideline position for a single engine, and presented free field for clearer
COMPErisons.
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Some acoustic results (EPNL) provided by General Electric Aircraft Engines (GEAE) were calculated assum-
ing a single engine at free field, at standard day conditions of 55°F/70 PRH, flying a flat flight path at 689 fi alti-
tude and 1476 ft sideline distance (1629 ft hypotenuse).

4.2 ACOUSTIC TEST RESULTS

Except where noted, acoustic results in the form of EPNL were calculated with the P&W assumptions defined
in Section 4.1.1.2. Caution should be ised when comparing P& W and GEAE derived acoustic results because of
differences in the data reduction. All EPNL results are plotted and contrasted to the calculated ideally expanded,

unsuppressed primary jet velocity (V; o).

4.2.9 Baseline Round Convergent Nozzie Resuits
£.2.1.9 Comparison of Pratt & Whitney, General Electric Aircraft Engines, and Boeing Round
Convergent Resulis

The P&W round convergent nozzle with 8.25 in? throat area was tested in Cell 41 to establish a reference to
evaluate the acoustic benefit of the different mixer-ejector nozzles. The acoustic results of this nozzle are presented
in this section in a comparative manner, in which the acoustic data for two other round convergent nozzles, a
GEAE design and a Boeing design, tested in Cell 41, are compared with P& W nozzle data. The shape and size of
these three nozzles are different. The throat areas (i.e., same as exit area) for GE, Boeing, and P&W nozzles are
20.43 in?, 13.2 in?, and 8.25 in®, respectively. The nozzle interior shapes and lip thicknesses are significantly dif-
ferent for these nozzles (Figure 20).

The farfield noise data for all three nozzles are corrected to the standard day conditions (59°F, 70 PRH),
extrapolated to 1629-ft distance, scaled to 1086-in® area, and expressed in terms of sound power level (PWL),
overall sound pressure level (DASPL), perceived noise level (PNL), tone-corrected perceived noise level (PNLT),
effective perceived noise level (EPNL), and sound pressure level (SPL), which are presented as functions of jet
velocity (Vj), frequency (f), and angle-to-inlet (8).

4.2.1.1.1 Static Data

Figure 21 shows the pseudo EPNL, PNLT at different polar angles (8), and peak PNLT comparisons between
these three nozzles at static condition. The P& W conic nozzle data is higher at jet velocities of 2200, 2384 and
2520 fi/sec compared to Boeing conic nozzle data. The GEAE nozzle data agrees with P&W nozzle data at 2384 £/
sec. The higher levels for the P& W nozzle at 2200, 2384, and 2520 ft/sec and the GE nozzle at 2384 fi/sec, relative
to Boeing conic nozzle data, are due to noted screech phenomena in the P&W conic nozzle and, to some extent, in
the GE conic nozzle, which will be discussed later.

To examine the difference of acoustic characteristics between the three nozzles, OASPL, PNL, and PNLT

directivities, and PWL and SPL spectra for four different VJ are examined. The nominal velocities and cycle con-
dition definitions are shown in Table 9.
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Table 9. Nominal Velocities and Cycle Conditions

Vi (sec) NPR - Ry eoR
1147 i.5 1000
1919 2.5 1325
2384 34 1590
2812 4.5 1860

Figures 22 and 23 show the OASPL, PNL, and PNLT directivities and PWL and SPL spectra, respectively, at
V;=1147 fi/sec. Figure 22 shows relatively higher levels of OASPL, PNL, and PNLT at the forward arc compared
to the other two angles. Figure 23 indicates good agreement of PWL, as well as SPL, at various polar angles up to
about 4 kHz. Above 4 kHz, the levels for P&W nozzle are higher compared to the other two nozzles. Similar
results for the other three velocities are plotted in Figures 24 through 25 With increasing velocity, the PWL and
SPL levels for P& W nozzie becomes much higher compared to GE nozzle at higher frequencies. The Boeing noz-
zle data lies between the GE and P& W nozzle results, indicating a uniform trend with respect to increasing throat
area.

Figure 27 shows the spectral comparisons of PWL and SPLs between the three nozzles at V;=2384 fi/sec.
Strong tones are observed at 160 Hz for P& W and GE nozzle cases. These tones are caused by screech phenomena,
which influences the EPNL and PNLT levels, observed earlier in Figure 21. Screech is an instability phenomenon
which depends on feedback mechanism with plume shock structure and nozzle lip. Minor configurational and flow
field differences can influence the occurrence of screech.

4.2.1.1.2 Flight Data

Results presented under flight are evaluated using the test data with a simulated flight Mach number (Mn) of
0.32 (V=360 ft/sec). Figure 30 shows the EPNL and PNLT at different 8, and peak PNLT comparisons between
these three nozzles with flight simulation. Unlike the static case, the P&W nozzle data is shightly higher compared
to other two cases between 2200 and 2800 ft/sec.

Figures 31 and 32 show the OASPL, PNL, and PNLT directivities and PWL and SPL spectra, respectively, at
V;=1147 ft/sec. Figure 31 shows relatively higher levels of OASPL at the forward arc compared to the other two
angles. Figure 32 indicates good agreement of SPL at higher polar angles and some level of difference in the for-
ward arc and PWL up to about 4 kHz. Above 4 kHz the levels for the P& W nozzle are higher compared to the other
two nozzles. Similar results for the other three velocities are plotted in Figures 33 through 38. With increasing
velocity, the PWL and SPL levels for the P&W nozzle become much higher compared to the GE nozzle at higher
frequencies. The Boeing nozzle data lies in-between the GE and P& W nozzle results, indicating a uniform trend
with respect to increasing throat arcas. For flight condition screech did not occur for any of the three nozzles, as
indicated in Figure 36, at V;=2384 fi/sec.

4.2.1.1.3 Conclusions

As a general observation, the SPL and PWL data for these three nozzles exhibited significant differences at
high frequencies. The SPL and PWL levels seem to increase with decreasing mode! scale nozzle size at higher fre-
quencies. Two possible reasons may be the cause for such data trends. The shape of the nozzles {e.g., internal con-
tour, convergence angle, lip thickness, and external closure shape) could be 2 contributing factor for the observed
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differences. However, in our opinion, this does not seem to be the dominant factor to cause the systematic trend of
increasing level with decreasing nozzle size. The other reason, which we believe the dominant cause for such
behavior, is the uncertainty in the atmospheric absorption corrections applied to the measured data at high frequen-
cies during scaling, exirapolating, and standard day conversion processes. The variation in the geometrical shape
between the nozzles may have some effect on the acoustic data. However, this effect is relatively small and is not
necessarily expected at only high frequencies. Geometric differences could result in plume differences, which in
turn may affect Jow and high frequency noise levels. The data, however, show a definite trend at high frequencies
with model size.

To obtain an exact quantitative assessment and sort out these two factors, several nozzles of exactly the same
geometry, but with different sizes, need to be tested. Since such an effort is not possible in the foreseeable future,
we analyzed the existing data and assessed the trends which could provide credence to our hypothesis. Data at four
test conditions, the same as those listed under static data, are processed in a way to study the data at intermediate
steps. Table 10 lists the actual test conditions for each of the three nozzles. The data processing uses (a) the spectral
data as measured for the mode! scale at the microphone location to generate (b) loss less data for the model scale,

which is (¢) scaled to a full-size nozzie (Ag«=1086 inz). Finally, the lossiess full scale nozzle data are (d) extrapo-

lated to a fixed sideline distance (1629 ft) and corrected to the standard day condition (5S°F, 70 PRH). In the
present exercise, the as-measured data of step (a) are also scaled to the full scale nozzle without applying any cor-
rection. This step is marked as (b’), which is not required for regular data processing. However, this set of data will
be useful to explain the data trend. As a typical example, the data at various stages of processing are shown in
Figures 39 through 41 for one test condition (Vj=2812 ft/sec, NPR=4.5, Tg=1860°R) at three polar angles.

Tuble 10. Conic Nozzle Test Conditions

GE Baeing Pratt & Whitney

I ¥y Run Famb 2 omb Run Lot P o Run Tomb Pomp
NPR | (°R) | (fthec) | No. | PRH | (°F) | (inHg) | No. | PRH | (°F) | (inHg) | No. | PRH | (°F) | (inHg)

45 | 1860 | 2812 861 90 44.5 29.2 22 68 68.0 28.3 22 49 820 29.4

34 ] 1550} 2384 852 61 57.2 29.4 14 80 66.6 29.3 13 56 76.9 29.4

25 | 1325 ) 1920 854 61 58.0 2.4 8 84 65.8 28.3 9 56 75.9 284

15 | 1600 | 1147 855 61 58.4 294 2 85 62.9 26.3 7 59 74.9 29.4

The as-measured data show systematic trends spectrally due to nozzle size variation, as shown in
Figures 39(a), 40(a), and 41(a) for 8=60 and 130, respectively, for the nominal Vj=2812 fi/sec. As expected, the

noise levels are proportional to the nozzle size with appropriate peak frequency shift. However, flowpath variations
in the nozzle do not seem to influence the data trend significantly. Next, the as-measured data are scaled to0 a size of

1086 in? without applying atmospheric correction. As shown in Figures 39(b’), 40(b’), and 41(b’), the noise levels
collapse reasonably well in the low frequency range at all angles. At higher frequencies, the noise level decreases
with decreasing nozzle size and the relative noise level differences between the nozzles increases with frequency,
mostly in the forward arc.

Next, the as-measured data are corrected to standard day, projected to full scale (Ag«=1086 in?), and extrapo-
lated 0 1629 fi sideline. In this process, the as-measured data for the model scale nozzles are first converted to
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lossless by adding atmospheric attenuation suffered in the scale model size. The low frequency results do not show
much change compared to the corresponding as-measured data as they suffer much less attenuation (Figures 39(b),
40(b), and 41(b)). However, in high frequency range, where, the atmospheric corrections are fairly large, the noise
levels show significant differences. In the rear arc, the noise levels increase significantly and the increase in levels
is monotonically increasing as nozzle size decreases. This is a combined effect of atmospheric correction and noz-

zle geometry. Then, the model scale lossless data are scaled to 1686 in”. The noise levels collapse reasonably well
in the low frequency range at all angles, similar to the as-measured full scale resuits. However, at higher frequen-
cies, the noise level increases with decreasing nozzle size and the relative noise level differences between the noz-
zles increases with frequency (Figures 39(c), 40(c), and 41(c)). The final process of extrapolation to 1629 ft and
conversion of extrapolated data to standard day condition does not alter the relative spectral differences between
the three nozzles noted on the full-scale lossiess basis, as shown in Figures 39(d), 40(d), and 41(d)

The full scale SPL data for a smaller size nozzle comes from comresponding higher frequency in the scale
model size compared to a larger size nozzle. For example, SPL at 4-kHz frequency on the full scale comes from

about 46 kHz for the P&W nozzle (Ag«=8.3 in%), whereas, it comes from about 30 kHz for the GE nozzle

(Ags=20 in?). The acoustic data at high frequencies is subject to significant uncertainties in the atmospheric aitenu-

ation model as well as atmospheric variation (especially, relative humidity) during the test conduct. In our studies
of these three nozzles, the smallest nozzle showed significant high frequency contribution on a full scale basis
compared to other nozzles, and deviates from classical conic nozzle spectram based on historic data on model scale
and full scale engines. However, on the as-measured scale model basis, the spectral features between the three noz-
zles are not significantly different, indicating geometric differences (lip shape, contours, etc.) are not as significant
as the uncertainties associated with atmospheric attenuation corrections applied at very high frequencies (typically,
32 kHz and higher).

For complex nozzles, whose expected spectral content is not known a priori, and wherein high-frequency spec-
tral content is likely to be the dominant portion of the total spectrum (typically, greater than 30 kHz), it is important
to minimize the impact on test results of modeling uncertainties of atmospheric attenuation, as well as uncertainty
of exact knowledge of ambient conditions in the test chamber. Also, in the context of multi-element nozzles, indi-
vidual jets have small characteristic dimensions. In addition, metal thickness does not scale down proportionately
from full size. To minimize the impact of these two effects in scale model tests, it is preferable to test as large a
model as possible.

4.2.2 Effect of Mixer Area Ratio (MAR)

The ejector shrouds were rotated by installation of angled support brackets to vary the mixing area ratic
(MAR). The MAR is the ratio of the total shroud exit area (A.y;,) to total shroud cross-sectional area at the mixer

exit (Ap,y) (Figure 8). A MAR greater than 1.0 denotes a diverging shroud mixing region; a MAR less than 1.0
denotes a convergent mixing region.

Figure 42 shows the results of an ideal (lossiess) one-dimensional momentum-based calculation for a SAR of
4.9. The calculation provided an estimate of the ideal pumping ability of the shrouded mixer-ejector nozzle, assum-
ing 100-percent mixing. The flow conditions entering the mixing region were estimated by assuming two-percent
total pressure loss through the primary nozzle, and NASA 12-21-58L to calculate the secondary inlet pressure loss
and scrubbing losses on the mixer surface. The results are shown as the ratio of the secondary mass flow (W) to

primary nozzie mass flow (Wp). The dashed line shows the estimated pumping ratio for SAR=4.9 and MAR=1.19
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based on the ideal calculation and results from the 1991 NASA-LeRC 9 ft x 15 ft tests under Task 11 of the Aero-
propulsion Technology contract (NAS3-25952).

Figures 43 and 44 show the static and flight-simulated results of the treated shroud with vortical mixer. The
MAR was varied at a constant SAR of 4.9. The vortical mixer design with the long (216-in. full scale) acoustically
treated shroud (MAR=0.97, SAR=4.9) provided the largest sideline flight (V=357 ft/sec) noise reduction of better
than 15 EPNdB below the reference convergent nozzle at 2400 ft/sec unsuppressed primary jet velocity. Figures 45
through 50 compare the flight-simulated PNLT directivity and noise spectra for the three MARSs at various jet
velocities.

Figures 51 and 52 show the static and flight-simulated results at SAR of 4.4. The results show that for SAR of
4.4, the MAR of 0.97 and 0.88 gave very similar results at the higher primary jet velocities, whereas at the lower
primary jet velocities, the MAR of 0.97 again provided the lower sideline noise. Figures 53 through 58 compare the
flight-simulated PNLT directivity and noise spectra for the three MARs at various jet velocities.

Figures 59 and 60 show the static and flight-simulated results of the treated shroud with axial mixer. The MAR
of 0.88 produced a lower sideline noise level compared to the MAR of 0.97. Figures 61 through Figures 66 com-
pare the flight-simulated PNLT directivity and noise spectra for the two MARs at various jet velocities.

4.2.3 Effect of Shroud Area Ratio (SAR)

The shrouds were moved outward from the model centerline, parallei to each other, to adjust the SAR, effec-
tively changing the shroud throat height and area. The SAR is the ratio of the total shroud cross-sectional area at
Ay to the throat area of the primary mixer (Ag«) (Figure 8). The nominal shroud throat height was set to 6.0 in. or

5.4 in., yielding nominal SARs of 4.9 and 4.4, respectively.

Figures 67 and 68 show the static and flight-simulated acoustic results of the treated shroud with the vortical
mixer, comparing the two SARs of 4.9 and 4.4. At unsuppressed primary jet velocities less than 2400 ft/sec, the
vortical mixer and long, acoustically treated shroud with SAR=4.4 and MAR=0.97 provided an additional 1-2
EPNJB sideline flight noise reduction below the SAR=4.9 results. This reduction occurred at both static and
flight-simulated conditions of Mn=0.32 (V=357 fi/sec). Above 2400 ft/sec, the two SARs produce very similar
results. Figures 69 through 74 compare the flight-simulated PNLT directivity and noise spectra for the two SARs at
MAR=(.97 over various jet velocities.

4.2.4 Mixer Comparison

Two mixer designs were tested. These were referred to as the vortical and axial mixers. The axial mixer was
designed to provide axial flow from the hot lobes to maximize velocity (thrust) vectors and minimize momentum
losses due to high vorticity. The vortical mixer introduced vertical shears to increase vorticity and accelerate mix-
ing along the shear path. The vortical mixer is shorter and requires less penetration of the mixer lobes to promote
mixing.

Figures 75 and 76 compare the static and flight-simulated (Mn=0.32, V=357 ft/sec) acoustic results of the two

mixers when tested with the fully treated ejector and the hardwall ejector. At unsuppressed primary jet velocity
greater than 2200 ft/sec, the vortical mixer design with the long, acoustically treated shroud (SAR=4.9,
MAR=0.97) showed a } to 2 EPNdB sideline flight (V=357 ft/sec) noise reduction relative to the axial mixer

design with the long treated shroud (SAR=4.9, MAR=0.97). Figures 77 and 78 compare the acoustic results with
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MAR=0.88 for the fully treated ejector only. At jet velocities greater than 2200 ft/sec, the vortical mixer showed
superior noise reduction. The flight-simulated tone corrected perceived noise level (PNLT) directivity plots
(Figures 79 and 80) show that the two mixers performed similarly when tested with the hardwall ejector. When the
eiector was fully treated, the vortical mixer provided broader attenuation in the aft region reducing the peak PNLT
compared to the axial mixer.

Figures 81 and 82 compare the noise spectra from the two mixers at a relatively low primary exit jet velocity
and near the expected takeoff primary exit jet velocity. The plots show an overall reduction in the aft noise for the
vortical mixer over the axial mixer at the higher jet velocity. This is consistent with the higher mixing ability of the
vortical mixer which provides a longer mixing region within the treated ejector.

4.2.5 Effect of Treatment and Liner Deterioration

A number of geometries were tested with both the hardwall and fully treated ejector. The fully treated ejector
with the bulk absorber was highly effective in reducing the noise of the P&W 2-D mixer-gjector.

Figures 83 through 88 compare the sideline noise results of the vortical mixer configurations at both static and
flight-simulated conditions. The vortical mixer with the long shroud (SAR=4.9, MAR=0.97), and perforated plate
over honeycomb acoustic treatment packed with a bulk absorber, demonstrated a 5-8 EPNdAB sideline noise reduc-
tion below the long hardwall shroud at Mn=0.32 (V=357 fi/sec) over the entire range of unsuppressed primary jet
velocities tested. Figures 89 through 91 show the flight-simulated PNLT directivity plots, comparing the treated
(configuration 3) and hardwalled (configuration 9) ejectors. Figures 92 through 94 show the moise specira at
selected polar angles.

Figures 95 and 96 compare Configurations 13 and 19 (SAR=4.9, MAR=0.97), showing the benefit of the
treated ejector when tested with the axial mixer. Figures 97 through 99 show the PNLT directivity plots comparing
configurations 13 and 19. Figures 100 through 102 show the noise spectra at selected polar angles.

Figure 103 shows a comparison of the liner effectiveness of the vortical and axial mixers with flight simula-
tion. The effectiveness is the difference in EPNL (EPNAB) between the hardwall and fully treated giectors. The
superior mixing of the vortical mixer produced more internal noise than the axial mixer. As a result, the treated
ejector was more effective with the vortical mixer (configuration 3) than with the axial mixer {configuration 13) at
all the primary jet velocities tested.

Figure 104 shows the liner attenuation results for the vortical mixer with SAR=4.9, MAR=0.97, and primary
jet velocity of 2384 fi/sec. The liner attenuation was obtained by arithmetically subtracting the treated noise spectra
from the hardwall noise spectra at selected polar angles. This computation gives an indication of the noise reduc-
tion provided by the acoustic treatment. Figure 105 compares the perceived annoyance (NOY) spectra at selected
polar angles. Comparing Figures 104 and 105 shows that the peak liner attenuation occurs at a lower frequency
(500 to 1000 Hz) than the peak armoyance (2000 to 3000 Hz). This indicates that additional liner attenuation could
possibly be obtained by adjusting the depth of the treatment o shift peak attenuation to a higher frequency.
Figures 106 and 107 show similar results for the vortical mixer at SAR=4.4 and MAR=0.97. Figures 108 and 109
show the results from the axial mixer with SAR=4.9 and MAR=0.97. The attenuation plot (Figures 108) shows that
the axial mixer achieved lower noise reduction with the treated ejector than did the vortical mixer (Figure 104).
The perceived NOY spectra show a similar miss in liner depth as seen with the vortical mixer.

Ejector liner deterioration was visually detected following testing of the vortical mixer with SAR=44, after
approximately 120 br of hot test time. Previous tests with this liner, Astroguartz bulk material packed in a honey-
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comb matrix, had shown good durability; however, earlier testing was generally of a shorter duration. With the
lower SAR, the gjector walls were positioned inward, closer to the mixer exit, subjecting the bulk material to more
hot flow impingement as well as allowing the hot flow to attach to the ejector walls. This positioning is believed to
contribute to the deterioration. Figure 110 illustrates the loss of bulk absorber material from the acoustic panels.
The deteriorated acoustic panels in the ejector were replaced with fully treated panels, and two configurations were
retested. Figures 111 through 114 compare the static and flight-simulated sideline noise results of the hardwall,
deteriorated treated, and fully wreated ejectors for MAR=0.97 and MAR=1.19, respectively. Despite the loss of the
bulk absorber and oversized face sheet open area (34 percent POA), the panels still provided reasonable acoustic
performance. The deteriorated treatment had reduced the liner effectiveness, approximately 1 to 2 EPNdB across
the range of primary jet velocities tested. This reduction may be attributed to the high, local, internal Mach num-
bers over the face sheet inside the gjector. A better understanding of the effect of local flow conditions on liner
impedance is needed to best achieve the potential for improved liner attenuation performance described here.
Figures 115 through 119 show the flight-simulated PNLT directivity plots comparing configurations 11, 5, and 5R
at MAR of 0.97 and configurations 10, 7, and 7R at MAR of 1.19. Figures 120 through 124 show the noise spectra
at selected polar angles.

4.2.8 Azimutha! Variation of Noise Level

The acoustic test facility was equipped with two systems of microphone arrays, positioned along lines parallel
to the model centerline, to measure the acoustic characteristics of the test models in the farfield. One array was
mounted on a raversing tower which was rotated about the centerline of the nozzle model and was used to obtain
acoustic data at two azimuthal locations corresponding to sideline (25 degrees from the nozzle major axis), and
community or overhead (90 degrees from the nozzle major axis). The second array of microphones was stationary
and positioned 60 degrees from the nozzle major axis.

The acoustic data from all three positions were reduced as if at the same position of 689-f altitude and 1476-ft
sideline (1629-ft direct distance) for comparison. Figures 125 and 126 show the results of testing for the vortical
and axial mixers, respectively. The long 2D mixer-gjector designs with both treated and hardwall shroud
(SAR=4.9, MAR=0.97) exhibited a 2-3 EPNJB azimuthal noise increase from the sideline to community (over-
head) position over the range of unsuppressed primary jet velocity tested at V=357 f/sec.

Figures 127 through 129 compare PNLT at three different primary jet velocities for the vortical mixer. The fig-
ures show the dominance of the community noise over the other two microphone positions. Figures 130 through
132 show the PNLT for the axial mixer at the same primary jet velocities with the community microphone position
also giving the highest noise.

Figures 133 and 134 show the spectral data for the treated ejector at 2384 ft/sec unsuppressed primary jet
veloeity with the vortical and axial mixer, respectively. Figures 135 and 136 show the spectral data for the hardwall
gjector at 2384 fi/sec unsuppressed primary jet velocity with the vortical and axial mixer, respectively. The major
source of the azimuthal variation occurs in the internal mixing noise at the middle to high frequencies. This differ-
ence is especially evident at the polar angle (8) of 120 degrees, where the internal noise exhibits a strong azimuthal
variation.

Two possible explanations for the azimuthal noise variation are: (1) an internal mixer lobe-to-mixer lobe
shielding effect in the direction aligned with the lobe rows, along the nozzle major axis, and/or (2) a difference in
the axial velocity profile between the shroud-to-shroud direction, corresponding to the community position and
sidewall-to-sidewall direction.
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4.2.7 Effect of Ejector-Shroud Length

The long shroud provided more noise attenuation than the short shroud along the entire L1M throttle line.
Figures 137 and 138 show the sideline acoustic results at static conditions and Mn=0.32 (V=357 fi/sec), respec-
tively, for the vortical mixer with the short and long shrouds, both in the hardwall and fully treated condition. The
SAR=4.4 and MAR=1.19 combination was the only geometry available for this comparison. The long hardwall
shroud provided a 1-2 EPNdB reduction in sideline noise below the short hardwall shroud with the vortical mixer
(SAR=4 4, MAR=1.9), both statically and at Mn=0.32 (V=357 fi/sec). The addition of the treatment to the long
shrond provided an additional 6-7 EPNAB reduction, showing that the majority of the noise reduction due to the
long treated shroud was provided by the acoustic treatment on the shroud inner surface area.

Figures 139 and 140 compare the flight-simulated PNLT directivity and noise spectra at a jet velocity of 2384
fi/sec. The spectra show that the long hardwall shroud alone tends to reduce the lower frequency noise when com-
pared with the short hardwall shroud. Comparing the long hardwall and long treated shrouds show that the largest
noise reduction occurs in the middle frequency range of 500-4000 Hz.

Figures 141 through 144 compare the acoustic results from the other geometries tested with both long and short
hardwalt shrouds. The results show that the 1 to 2 EPNAB advantage of the long hardwall shroud over the short
hardwall shroud was consistently demonstrated with both the vortical and axial mixers.

4.2.8 Flight Effects

4.2.8.1 Effect of Simulated Mach Number Error on Test Results

Due to undetected acoustic facility instrumentation problems early in the test, the baseline round convergent
nozzle and configuration 2 (vortical mixer/long treated shroud/SAR=4 9/MAR=1.19) were unknowingly tested
with flight simulation at Mn=0.36 and not the planned Mn=0.32. Configurations 3 and 4 (vortical mixer, long
treated shroud, SAR=4.9, MAR=0.97 and 0.88 respectively) were tested at both Mn=0.36 and 0.32 once the prob-
lem had been discovered and resotved. All subsequent configurations were tested at static and Mn=0.32 conditions.

Figure 145 shows the EPNL results from configurations 3 and 4. The data from configurations 3 and 4 were
processed at the same flight Mach number as that simulated during testing. The variation in test Mach number
(Mn=0.32 to 0.36) changed the EPNL resulis less than 1.0 EPNdB. Figures 146 and 147 show the results from the
baseline round convergent nozzle and configuration 2 tested at Mn=0.36, and processed at Mn=0.36 and 0.32. Pro-
cessing the Mn=0.36 data at Mn=0.32 produced a similar change in EPNL demonstrated by the tests of configura-
tions 3 and 4. Based on this study, retesting of the baseline round convergent nozzle and configuration 2 at
Mn=0.32 were considered unnecessary. Note that any flight-simulated PNLT and noise spectra data from the base-
line round convergent nozzle and configuration 2 reflect the flight effects at Mn=0.36.

4,2,8.2 Flight Simulated Results

Figures 148 through 151 compare the flight effects on the baseline round convergent nozzle and on selected
mixer-gjector configurations. Flight effects at V=357 fi/sec accounted for approximately 2-3 EPNdB reduction m
the sideline noise for the long treated configurations 3 (vortical mixer, SAR=4.9, MAR=0.97), 5R (vortical mixer,
SAR=4.4, MAR=0.97), and 13 (axial mixer, SAR=4.9, MAR=0.97).

Figures 148 through 151 show that flight effects were more significant for the baseline round convergent noz-
zle than the mixer-gjector nozzles. This is explained by the dominance of jet noise in the convergent nozzle noise.
The gjector nozzle noise was internal noise dominated so that external flight effects were less significant.
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Figures 152 through 155 compare the baseline round convergent nozzle with configuration 3 (vortical mixer,
long treated shroud, SAR=4.9, MAR=0.97). Figures 156 through 159 compare the baseline round convergent noz-
zie with configuration 9 (vortical mixer, long hardwall shroud, SAR=4.9, MAR=0.97). The figures show the PNLT
directivity at selected primary jet velocities and noise spectra at V;=2384 ft/sec. The spectra show a large reduc-

tion in the low frequency noise with flight simulation.

Configuration 9 (Figure 149) showed a reduction in flight effects with increasing primary jet velocity. The
PNLT (Figures 156 through 158) for the hardwall configuration 9 show evidence of forward lift of the dominating
internal noise. Figure 159 shows this as an increase in the measured noise in the forward arc (60 degrees) with
flight simulation. This same trend occurred with configuration 3 (Figures 152 through 154), but attenuation of the
internal noise by the treated ejector overwhelmed any effect of the forward lift (Figure 155).

4.2.9 Effect of Aerodynamic Hysteresis on Noise Level

Tests were run with selected configurations with the long hardwall ejector to investigate hysteresis in the
shroud internal flow field. The hysteresis was seen as a shift in the conditions at which the shroud internal flow
field switched from predominantly subsonic to supersonic. Static pressure taps on the shroud internal walls were
used to monitor the flowfield. These tests were run at ambient, warm (860°R), and hot (L1M throttle line) primary
stream temperatures.

Acoustic hysteresis data were also obtained during these tests. The hot tests were checked for acoustic hystere-
sis because the high jet velocities produce the best potential for measuring a change in the noise levels. The acous-
tic hysteresis was investigated by increasing NPR and T\g in small steps to 2 maximum, then NPR and T;g were

incrementally decreased repeating the same conditions.

Figures 160 through 167 show the results of static and flight-simulated acoustic hysteresis studies for a number
of configurations. The EPNL plots show that over the range of NPR and Tg investigated, none of the configura-
tions showed significant hysteresis in the acoustic data obtained. The acoustic data were insensitive to the direction
a particular test point was approached in terms of NPR and Tyg. The data also show good repeatability with the

L1M cycle data taken early in the testing of each configuration.

Figures 168 through 170 show the PNLT directivity for selected points from the long hardwall ejector: config-
uration 8 (vortical mixer, SAR=4.9, MAR=1.19), configuration 14 (axial mixer, SAR=4.9, MAR=1.19), and con-
figuration 19 (axial mixer, SAR=4.9, MAR=0.97). Figures 171 through 173 show the noise spectra for these same
points. The plots confirm the repeatability of the acoustic data.

4.2.10 Effect of Operating Off the L1M Throttie Line

Points were added to the test matrix to explore the acoustic performance of certain configurations off the L1M
throttle line. The acoustic data from these points give results along lines of constant primary jet velocity, NPR, and
T.s. The acoustic results were well ordered and showed the expected relationships to one another.

Figures 174 and 175 show the off-throttle line acoustic results for the baseline round convergent nozzle and
configuration 3 (vortical mixer, long treated shroud, SAR=4.9, MAR=0.97). Lines of constant jet velocity, turbine
exit total temperature, and NPR are noted on the plots. Noise results were sensitive to changes in the simulated
engine thermodynamic cycle. The long, treated mixer ejector was more sensitive to changes in the throttle line than
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the baseline round convergent nozzie. The sideline noise increased more for configuration 3 than the baseline
round convergent nozzle over the same increase in NPR. This is especially evident along the V;,=2520 ft/sec line.

Figures 176 and 177 describe the constant primary jet velocity line at approximately 2384 f/sec. This line is
made up of test points 12, 5 and 13 (see Table 7). The primary jet velocity is held constant for the points by raising
NPR while T,g was lowered. Figure 178 shows that noise increased as NPR was increased and T.;g was decreased.
Increasing NPR increases shock noise when present, and lowering Tyg increases the flow density, which also con-
tributes to increased noise. Figures 179 through 182 show PNLT directivity and noise spectra for the baseline
round convergent nozzle and configuration 3 for the three constant velocity points. Figure 179 shows that, at con-
stant V;, shock noise in the forward arc is the main reason for increased noise for the round convergent nozzle. The
noise spectra for the ejector shows that, despite the lack of shock noise, the ejector is more sensitive to changes in
T, because of density effects increasing ejector internal mixing noise. The internal mixing noise tends to be the

source of peak PNL for the mixer-ejector nozzles and is an important contributor to the increased EPNL level.

Figures 183 and 184 describe the constant primary jet velocity line at approximately 2520 ft/sec. This line is
made up of test points 10, 6, 14, and 15. The results are similar to those seen at 2384 fi/sec. At the higher jet veloc-
ity, the long, treated mixer-ejector nozzle was more sensitive to the change in pressure ratio than the baseline round
convergent nozzle. Figure 185 shows that the increase in sideline noise was greater for configuration 3 over the
same change in NPR. Figures 186 through 189 show PNLT directivity and noise spectra for the baseline round con-
vergent nozzle and configuration 3 for the four constant velocity points.

Figures 190 and 191 describe the constant Tig line at 1590°R. This line is made up of test points 11, 5 and 14
with increasing V; and NPR. Figure 192 shows that the configurations performed as expected with the sideline
noise increasing with increasing V; and NPR. Figure 192 also shows the increase in sideline noise was greater for
the long, treated mixer ejector nozzle (configuration 3) over the same change in jet velocity. This difference
between the unsuppressed convergent nozzle and suppressed ejector nozzle can be explained by the change in
noise sensitivity to jet velocity. The change in noise for a given change in jet velocity is greater for the lower sup-
pressed jet velocity of the ejector nozzle than the relatively high unsuppressed jet velocity of the convergent noz-
zle. Figures 193 through 196 show PNLT directivity and noise spectra for the baseline round convergent nozzle and
configuration 3 for three constant turbine exit temperature points.

Figures 197 and 198 describe the constant NPR line at 3.0, which is made up of test points 4, 11 and 12.
Figure 199 shows relatively small changes in sideline noise were produced when NPR was held constant and the
turbine exit total temperature was increased to raise the primary jet velocity. With the contribution of shock noise
held constant by the constant NPR, the increased jet noise caused by raising the jet velocity was partially offset by
the reduced flow density at the higher T,g. Figures 200 through 203 show PNLT directivity and noise spectra for

the baseline round convergent nozzle and configuration 3 for the three constant primary NPR points.

4.2.41 Comparison to NASA-LeRC Results {(NAS3-2885 APT Task 11)

Acoustic data were obtained for a number of points to compare the acoustic results to those obtained at NASA-
Lewis Research Center (LeRC) 9 ft x 15 ft low speed wind tunnel (LSWT) in 1991 under Contract NAS3-25952,
Aeropropulsion Technology (APT), Task 11. Two separate issues were suspected of compromising the validity of
the NASA-LeRC results. These were: 1) the aft noise in the baseline round convergent nozzle was not measured,
and 2) contamination of the hardwall and treated ejector acoustic resuits by facility noise. The NASA-LeRC model

acoustic data obtained under APT Task 11 were originally scaled to a mixer throat area of 860 in? from the nominal
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mode! mixer throat area (10.2:1). The NASA-LeRC data were rescaled to 1086 in? (11.47:1) for comparison to the
GEAE Cell 41 resuits. Figure 204 compares the results obtained at GEAE Cell 41 to those obtained at the NASA-
LeRC LSWT facility. The EPNL reductions from Cell 41 are similar to those obtained in the NASA-LeRC LSWT,
although spectral data show differences. A noise prediction for the round convergent nozzle is also included. Com-
parisons confirm technical concerns related to nearfield measurements and facility noise in the NASA-LeRC
LSWT.

Figures 205 and 206 compare the test results for the baseline round convergent nozzle at the nominal condition
of NPR=3.5 and T,=1735°R Figure 205 shows a comparison of the PNL directivity from the NASA-LeRC

results, those obtained at the GEAE Cell 41 facility, and a convergent nozzle noise prediction using SAE jet mixing
(ARP876), and SAE shock (Harper-Bourne & Fisher) predictions. The PNL directivity shows that the radiated jet
mixing noise aft of approximately 120 degrees was not measured. The spectra shown in Figure 206 confirm this
observation. The suspected reason for this was that the microphones were mounted in the NASA-LeRC tunnel too
close to the model centerline. This allowed the aft radiating energy to be convected past the microphones. The
microphones in the GEAE Acoustic Facility (Cell 41) were mounted a minimum of 22 ft from the model center-

line.

Figures 207 and 208 compare the test results for configuration 2 at the nominal condition of NPR=3.5 and
T,g=1735°R. Configuration 2 had the long, fully reated shroud with the bulk absorber, SAR=4.9 and MAR=1.19.
The PNL directivity (Figure 207) shows the NASA-LeRC results to be louder than the results from the GEAE Cell
41 facility aft of the shroud exit. The spectra (Figure 208) show that the NASA-LeRC results were contaminated by
facility internal noise. The contamination is especially evident at the lowest frequency and 1000-2000 Hz bands.

Figures 209 and 210 compare the test results for configuration 8. Configuration 8 had the long, hardwall
shroud, SAR=4.9 and MAR=1.19. The test results from NASA-LeRC for this configuration also show indications
of contamination by test facility noise. However, PNL directivity shows that facility noise had a lesser effect on the
hardwall (Figure 209) compared to the fully treated (Figure 207) ejector. This was expected because of the higher
noise levels of the hardwall configuration. The spectra (Figure 210) show that facility noise was most apparent in
the aft arc region. '

4.3 AERODYMAMIC TEST RESULTS AND ANALYSIS

Based on one-dimensional ideal ejector analysis and available results of static pressure distribution on shroud
surfaces for mixer-gjector nozzles, it has been observed that an ejector may be operating in either a subsonic mode
or supersonic mode and that this switching of modes from one to the other occurs at a particular NPR, termed the
critical NPR or NPRer. This phenomenon is dependent on NPR, MAR, total temperature, SAR, and direction of
NPR variation. A typical exampie of mode switch is shown in Figure 211(a). The mode switch seems to occur at
different values of NPRer based on whether the NPR is gradually increased from below its critical value or is grad-
ually decreased from above its critical value, for the same geometry and temperature conditions (hysteresis phe-
nomenon). This is qualitatively demonstrated in Figure 211(b) by plotting NPR with respect to the normalized
shroud force defined in Section 4.3.1.1.

Mode switch has significant impact on nozzle thrust coefficient, as well as dynamic stability, as noted in per-
formance tests in the NASA Langley 16 ft transonic tunnel (NAS3-26617, Large Engine Technology Task Order
19). For the mixer-gjector nozzles under consideration, it is very difficult to accurately predict the mode switch
phenomenon and its impact on performance, since it involves complex geometries and three-dimensional unsteady
flowfields in the ejector. For such cases, it is necessary to experimentally evaluate the mode switch characteristics
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of the nozzle with respect to NPR, temperature, and mixer-gjector geometry. Such assessments are critical to noz-
zle design and operation. With this motivation, several P&W mixer-gjector nozzles were tested to evaluate their
mode switch characteristics in terms of static pressure and acoustics in the Cell 41 test program.

Tests were conducted in Cell 41 for P&W mixer-ejector nozzles to study their mode switch characteristics by
measuring the static pressures at twenty axial locations on the shroud centerline (i.e., along the secondary flow)
from mixer exit to the ejector exit. The locations of these pressure taps are shown in Figure 212, Only hardwall
configurations were tested for this study, since static pressure instrumentation was not available for the treated
gjector configurations.

4.3.1 Vortical Mixer-Ejector Nozzle Configurations

4.3.9.9 Effect of Temperature and Flight Simulation with Long Shroud (SAR=4.4, MAR=1.78}

Typical axial static pressure distributions on the shroud centerline for the vortical mixer configuration at ambi-
ent temperature and for L1M cycle conditions, with and without flight simulation, are shown in Figure 213. For all
cases, the static pressure distributions with respect to NPRs are qualitatively similar, in that with increasing NPR,
the flow gradually changes from subsonic mode to supersonic mode, and the axial extent over which the static
pressures are below the choking pressure ratio increases with NPR. For specific heat ratio of 1.4, the choking pres-
sure ratio (P/P,p) is about 0.528. The axial extent over which static pressures are below the critical limit are inter-
preted as being in the supersonic mode for ejector operation. For this configuration, the static pressure distribution
change with NPR is more gradual. Location X/L=0 along the axial distance corresponds to the mixer exit plane.
The ejector inlet lip static pressure distribution indicates a rapid acceleration, making static pressure lower than
needed for sonic velocity near the chute exit plane for NPR above 2.5. This probably indicates a locally supersonic,
secondary stream. The transition or mode switch occurred for all three cases. Qualitatively the effect of flight sim-
ulation on static pressure distributions, as observed in Figure 213, between examples (b) and (c), is minor.

The differences in axial static pressure distribution between increasing and decreasing directions of NPR, at
NPR levels close to mode switch region, are shown in Figures 214 through 216, at ambient temperature and for
LiM cycle conditions, without and with flight simulation. Small difference in pressure distribution is observed
indicating that the static pressure levels are relatively lower for the same NPR during the decreasing direction of
pressure setting. However, the effect is relatively smaller with flight simulation. The hysteresis phenomenon is
stronger if the static pressure distribution differences are significantly higher.

To assess the impact of mode switch on the shroud loads and to develop criteria to establish critical NPR at
which mode switch cccurs, static pressure distributions along the shroud were integrated to provide g pressure load
and moment. These parameters are expressed below.
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These parameters are plotted with respect to NPR for all the configurations at different test conditions
(Figure 212). The characteristics of these plots with respect to the force are similar to those with respect to the
moment of the force. Hence, the plots with respect to the normalized force due to shroud only are presented here.

The normalized force parameters for the above mentioned vortical mixer-gjector configuration are plotted with
respect to NPR in Figure 217 to show the effect of temperature (F igure 217(a)) and flight (Figure 217(b)) on mode
switch phenomenon. The normalized forces for decreasing NPR are shown by filled symbols. Thus, the hysteresis
loop is contained within the empty and filled symbols. The hysteresis is relatively small for all the conditions
(Figure 217). Critical NPR seems to be unaffected by flight simulation, however, the hysteresis loop is relatively
less prominent with flight simulation (Figure 217(b)).

4.3.1.2 Effect of MAR with Long Shroud (SAR=4.4}

Axial static pressure distributions on the shroud centerline for vortical mixer configurations of different MAR
at ambient temperature and for L1M cycle conditions, with and without flight simulation, are shown in Figures 218
tarough 220. The transition or mode switch occurred for all three configurations at ambient temperature conditions
(Figure 218). The transition is very gradual for MAR=1.18 and abrupt for MAR=0.97. For MAR=0.88, the transi-
tion is barely initiated at NPR=5.6. A complete transition might have occurred at a much higher NPR. For L1M
evele conditions, without and with flight simulation, the transition took place only for MAR=1.18 and the subsonic
mode persisted at other two MAR up to NPR=4.5 (Figures 219 and 220).

The effect of flight simulation on shroud static pressure distribution for all the configurations with different
MAR seems to be insignificant as observed in Figures 219 and 220. This is further examined in Figure 221 by
comparing the shroud static pressure distributions between static and flight simulation conditions for the same test
condition. Static pressure decreases with flight on the shroud surface for MAR=1.18. For lower MAR settings the
effect due to flight is insignificant.

The differences in axial static pressure distribution between increasing and decreasing directions of NPR, at
NER levels close to mode switch region, are shown in Figures 222 and 223, at ambient temperature for MAR=0.97
at static condition. While small difference in pressure distribution is observed at NPR=4.0, drastic differences are
seen at NPR of 4.2, 4.3, and 4.4. In fact, while the subsonic mode existed at these conditions during increasing
direction of NPR, the flow remained in supersonic mode during decreasing direction of NPR, indicating strong
hysteresis on mode switch.

The hysteresis is further examined in Figure 224 by plotting shroud pressure parameter with respect to NPR for
all three MAR configurations. The transition or mode switch occurred for MAR=1.18 at ambient temperature and
L1M cycle conditions, with and without flight simulation. The hysteresis is small for all these cases as denoted by
shaded areas. The hysteresis loop seems to be more prominent at static condition relative to flight simulation. For
MAR=0.97, mode switch occurred only at ambient temperature condition. Apparently, the strongest hysteresis is
observed for this configuration at ambient temperature condition. Mode switch did not occur for MAR=0.88 at any
condition lower than NPR=5. One also notes the relative low values of shroud loads as static pressures were close
to ambient when the nozzle was in the subsonic modes. The shroud loads increase substantially in the supersonic
mode. Critical NPR increases with decreasing MAR and increasing temperature. It should be noted that the sign of
load changes for MAR=0.88 indicates that the shroud static pressure becomes higher than atmospheric pressure
over most of the shroud length.

Tt should be noted that a strong hysteresis occurs only when the mode switch is abrupt. For gradual transition
from subsonic to supersonic modes, hysteresis with respect to NPR is small.
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4.3.1.3 FEffect of MAR with Long Shroud (SAR=4.3)

Axial static pressure distributions on the shroud centerline for vortical mixer configurations with MAR settngs
of 1.18 and 0.97 at ambient temperature and for L1M cycle conditions, with and without flight simulation, are
shown in Figures 225 and 226. The transition or mode switch occurred for all three conditions for MAR=1.18
(Figure 225), where as, for MAR=0.97, the transition occurred only at ambient condition within the NPR limit. The
transition is relatively gradual for MAR=1.18 compared to MAR=0.97 (Figure 226).

The effect of flight simulation on shroud static pressure distribution for both configurations is examined in
Figure 227. The shroud static pressure distributions between static and flight simulation are compared for NPR=3.4
and T,=1645°R. The static pressure decreases with flight on some portions of the shroud surface for MAR=1.18.

The effect due to flight is insignificant for MAR=0.97.

The differences in axial static pressure distribution between increasing and decreasing directions of NPR, at
NPR levels close to mode switch region, are shown in Figure 228, at ambient temperature for MAR=0.97 at static
condition. Hardly any difference in pressure distribution is observed, indicating the absence of hysteresis on mode
switch. This is further examined in Figure 229 by plotting shroud pressure parameter with respect to NPR for both
MAR configurations. It should be noted that the decreasing NPR tests are not done for MAR=1.18 at ambient con-
dition. The hysteresis diminishes with flight compared to static condition as observed in Figures 229(b) and 229(c)
for MAR=1.18.

4.3.1.4 Effect of SAR with Long Shroud

The normalized force parameters for the vortical mixer-gjector configurations for two different SARs with
fixed MAR settings of 1.18 and 0.97 are plotted with respect to NPR for ambient and L1M cycle conditions, with
and without flight simulation in Figures 230 and 231. The transition or mode switch occurred for both SAR config-
urations with MAR=1.18 at all three temperature conditions. The hysteresis is small for these configurations as
denoted by the shaded areas. However, the hysteresis loop seems to be more prominent at static condition com-
pared to flight simulation. Critical NPR seems to increase with increasing SAR (Figure 230). For MAR=0.97, the
mode switch occurred only for ambient temperature condition (Figure 229). At this condition, the configuration
with SAR=4 4 exhibits a very strong hysteresis compared to the configuration with SAR=4.9. The shroud load
increases abruptly during the mode switch for MAR=0.97 compared to configurations with MAR=1.18
(Figure 228).

4.3.1.5 Effact of SAR with Short Shroud (MAR=1.18)

Axial static pressure distributions on the shroud centerline for vortical mixer configurations of SAR=4.9 and
4 4 gt ambient temperature, 400°F, and for L1M cycle conditions, with and without flight simulation, are shown in
Figures 232 through 235. The transition or mode switch did not occur for any of the four conditions for SAR=4.9.
However, for SAR=4.4 the transition occurred for all four conditions. The transition is relatively gradual for this
configuration.

The effect of flight simulation on shroud static pressure distribution for both the configurations is examined in
Figure 236 by comparing the shroud static pressure distributions between static and flight simulation conditions for
NPR=34 and T,=1645°R. Static pressure decreases with flight over certain portions of the shroud surface, espe-

cially for SAR=4.4.

The normalized force parameters for the mixer-gjector configuration with SAR=4.4 are plotted with respect to
NPR in Figure 235 to show the effect of temperature (Figure 237(a)) and flight (Figure 237(b)) on mode switch
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phenomenon. The normalized forces for decreasing NPR are shown by filled symbols. Thus, the hysteresis loop is
contained within the empty and filled symbols. The hysteresis is relatively small for all the conditions (Figure 237).
The critical NPR is higher for the LIM cycle compared to ambient or 400°F temperature conditions
(Figure 237(a)), indicating that the critical NPR increases with increasing temperature. The critical NPR seems to
be lower with flight simulation compared to static condition and the hysteresis loop is relatively less prominent
with flight simulation (Figure 237(b)).

4.3.9.8 Effect of Shroud Length (SAR=4.4, MAR=1.18}

The effect of shroud length on mode switch is examined for vortical mixer-ejector configurations of two differ-
ent shroud lengths (18.85 in. and 10.46 in.) with SAR=4.4 and MAR=1.18 by plotting shroud pressure parameter
with respect to NPR in Figure 238. Again, the hysteresis seems to be small for both the configurations at all the
three conditions. However, the hysteresis loop is relatively more significant and critical NPR is relatively higher
for the long shroud configuration compared to the short shroud configuration. Again, the hysteresis diminishes by
flaght simulation for both the configurations.

4.3.1.7 impact of Mode Switch and Hysteresis on Farfield Noise

The mode switch occurs in two specific manners, one, a gradual transition and second, an abrupt change from
subsonic to supersonic mode. For gradual transition, the hysteresis is minimal, whereas, for abrupt mode switch,
strong hysteresis is observed. The impact of mode switch and hysteresis on farfield noise for gradual transition
cases is examined in Figure 239 for a vortical mixer-gjector configuration with SAR=4.4, MAR=1.18, and long
shroud. In this figure, the normalized shroud force, and the corresponding EPNL levels, are plotted with respect to
ideal jet velocity for ambient and L1M cycle conditions, with and without flight simulation, close to mode switch
region. The impact of mode switch on farfield noise is gradual EPNL increase with increasing velocity (or NPR).
The hysteresis for this configuration is insignificant for all three conditions. In general, very little change in EPNL
is observed due to hysteresis. The PNLT directivities and SPL spectra for these cases (results not shown here) do
not show any significant effect of hysteresis loop.

It is also necessary to examine a case with abrupt mode switch and strong hysteresis. Hence, the shroud force
parameters and the corresponding EPNL values are plotted with respect to ideal jet velocity in Figure 240 for vor-
tical mixer-gjector configurations with SAR=4.4 and long shroud at ambient temperature conditions for two differ-
ent MAR settings: one with abrupt mode switch and strong hysteresis at MAR=0.97, and the other with gradual
transition and small hysteresis at MAR=1.18. A strong hysteresis exists for MAR=0.97 compared 1o MAR=1.18,
for three velocity points, namely, 1490, 1498, and 1508 fi/sec (corresponding NPR of 4.2, 4.3, and 4.4) as observed
in Figure 240. Note that all these points correspond to ambient temperatures in the core stream. The EPNL values
are also significantly different for two of the same jet velocity points, namely, 1498 and 1508 ft/sec, between sub-
sonic and supersonic modes for MAR=0.97. For the velocity point 1490 fi/sec (NPR=4.2), even though the shroud
force parameter shows significant hysteresis, the EPNL does not indicate such phenomenon. This could be
explained on the basis of the sensitivity of hysteresis. This point is close to the end of hysteresis loop towards sub-
sonic mode. Hence, slight reduction on NPR could close the loop and bring back the flow from supersonic to sub-
sonic mode.

Figure 241 shows PNLT at a number of polar angles and peak PNLT values with respect to jet velocity. The
PNLT values are significantly increased at the same velocity points of 1498 and 1508 ft/sec between subsonic and
supersonic modes. The PNLT directivities at these velocities are shown in Figure 242. A substantial increase in
PNLT levels is observed at all angles. Spectral plots of SPL for the two cases are shown in Figures 243 and 244.
Significant SPL increase is observed for the entire frequency range at all polar angles. In the forward quadrant, as
shown for 60 degrees, an SPL hump with a peak at about 1 kHz (i.e., about 11 kHz for model scale) is observed for
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supersonic mode. This could be the shock noise due to the possible strong shock close to the eiector exit (see
Figures 222 and 223 for static pressure distribution). The noise increase between subsonic and supersonic modes is
due to shock associated noise. Since the mode switch is abrupt, the shock-associated noise component becomes
prominent compared to a gradual transition case.

At low temperature and high supersonic NPR conditions, the relative contribution of shock-associated noise
tends to be significantly higher compared to jet-mixing noise. Based on past experience with round supersonic cold
jets, shock noise of such configurations dominates at all observer angles and the spectral shapes maintain charac-
teristics associated with shock broadband noise. For the case of supersonic mode operation, a significant portion of
the ejector flow is supersonic, and static pressure equalization to ambient pressure occurs through a strong shock
near the ejector-shroud trailing edge. The interaction of flow turbulence with this strong shock is probably the sig-
nificant contributor to the noted increase in noise levels compared to the subsonic mode.

In the case of subsonic gjector operation, shock structures, if any, are fairly close to the mixer exit plane and the
shock-associated noise of such configurations is relatively weak. During supersonic operation, the shock 1s close to
the ejector exit plane and can effectively radiate noise to the farficld. Also to be noted is the increase in SPL at
almost all frequencies. This indicates the possibility of a very different plume structure with higher turbulence lev-
els for the supersonic mode under ambient temperature conditions. No LDV plume data was taken at these condi-
tions to check the above hypothesis.

However, as noted from data shown before, the mode switch phenomenon is gradual and has very little hyster-
esis at elevated temperatures representative of cycle simulation. Higher temperature dampens hysteresis phenom-
ena. Also, as temperature increases, relative contribution of jet-mixing noise compared to shock-associated noise
increases at a given NPR. Hence, any increase in shock noise associated with a shock near the trailing edge of gjec-
tor would be less dominant due to increased domination of jet-mixing noise. If there were a strong hysteresis at
higher temperature condition, for which the ejector flow would have been in subsonic mode during mcreasing NPR
and supersonic mode during decreasing NPR for the same NPR, the impact on noise would have been minimal
based on the above argument. However, in the present situation, the above explanation can be applied to the mode
switch itself, where the subsonic and supersonic modes are present at two different values of NPR, which are close
to each other If the shock-associated noise had been dominant over the jet-mixing component, then significant
noise increase might have been observed from subsonic to supersonic modes. However, the noise increase is rela-
tively small (Figure 239) for L1M cycle cases compared to the ambient temperature case, which is due to dominant
jet-mixing noise at elevated temperature. The noise increase between subsonic and supersonic modes for high tem-
perature situations is mostly due to the increase in jet-mixing noise because of jet velocity increase associated with
NPR change.

4.3.2 Axial Mixer-Ejector Nozzle Configurations

4.3.2.1 Effect of Temperature and Flight Simulation with Long Shroud (SAR=4.9, MAR=1.18}

Typical axial static pressure distributions on the shroud centerline for an axial mixer configuration at ambient
temperature and at slightly heated condition (400°F) are shown in Figure 245. For both cases, the static pressure
distributions with respect to NPRs are qualitatively similar; with increasing NPR, the flow gradually changes from
subsonic mode to supersonic mode and the axial extent over which the static pressures are below the choking pres-
sure ratio increases with NPR. Figure 246 shows the similar results for the same axial nozzle for LIM cycle condi-
tions. The static pressure distributions are presented in this figure with and without flight simulation. Qualitatively,
the effect of flight simulation on static pressure distributions is minor. This is further illusirated in Figure 247 by
comparing axial static pressure distributions between static and flight simulation conditions at a number of aero-

NASA/CR—2005-213324 49



thermodynamic conditions. Apparently, flight simulation slightly enhances the mode switch from subsonic to
SUPErSORIC Cases.

The differences in axial static pressure distribution between increasing and decreasing directions of NPR, close
to mode switch region (NPR=4), are shown in Figure 248 at ambient temperature and for L1M cycle condition,
without and with flight simulation. The static pressure levels are slightly lower for the same NPR during the
decreasing direction of pressure setting for flight simulation condition. The hysteresis phenomenon is stronger if
the static pressure distribution differences are significantly higher.

The normalized force parameters for the above mentioned axial mixer-gjector configuration are plotted with
respect to NPR in Figure 249 to show the effect of temperature (Figure 249(a)) and flight (Figure 249(b)) on mode
switch phenomenon. The critical NPR is slightly higher for the L1M cycle compared to ambient and 400°F temper-
ature conditions, showing that the critical NPR seems to increase with increasing temperature. The critical NPR
seems to be unaffected by flight simulation.

4.3.2.2 Effect of MAR with Long Shroud (SAR=4.9)

Axial static pressure distributions on the shroud centerline for axial mixer configurations of different MAR at
ambient temperature, 400°F, and for LIM cycle conditions, with and without flight simulation, are shown in
Figure 250 through 253. The transition or mode switch occurred for all three configurations at ambient and 400°F
temperature conditions (Figures 250 and 251). The transition is very gradual for MAR=1.18 and abrupt for
MAR=0.97. For MAR=0.88, the transition is barely initiated at NPR=5.5 for ambient condition, but almost com-
plete for the 400°F case at NPR=5.4. A complete transition at ambient condition might have occurred at a much
higher NPR. For L1M cycle conditions, with and without flight simulation, the transition took place for MAR=1.18
and 0.97 and the subsonic mode persisted at MAR =0.88 up to NPR=5.0 (Figures 252 and 253).

Axial static pressure distributions on the shroud centerline for axial mixer configurations of different MAR are
compared at a number of NPR values close to the transition level at ambient temperature, 400°F, and LIM cycle
conditions, with and without flight simulation, in Figures 254 through 257. Early transition with respect to NPR
occurs for higher MAR.

The normalized force parameters for the axial mixer-ejector configurations with three different MAR values
are plotted with respect to NPR for ambient and 400°F conditions (Figure 258). The transition or mode switch
occurred for all three MARSs at both the temperature conditions. The hysteresis is small for these configurations as
denoted by shaded areas. However, the hysteresis loop seems to be more prominent at 400°F relative to ambient
temperature and for decreasing MAR. Figure 259 shows similar plots for the axial mixer-gjector configurations for
L1M cycle conditions, with and without flight simulation. The mode switch did not occur for MAR=0.88 at these
temperature conditions up to NPR=5. Also noted are the relative low values of shroud loads as static pressures
were close to ambient when the nozzle was in the subsonic modes. Figures 258 and 259 indicate that the critical
NPR increases with decreasing MAR up to about 0.9 and with increasing temperature.

The impact of hysteresis is further illustrated by plotting the differences in axial static pressure distribution
between increasing and decreasing directions of NPR, at NPR levels close to mode switch region, in Figures 260
and 261, at ambient and 400°F temperature conditions for MAR=0.97 at static condition. Small difference in pres-
sure distribution is observed for all nozzle pressure conditions. Similar results for MAR=0.88 at 400°F condition,
where significant hysteresis is observed (Figure 258), are plotted in Figures 262 and 263. While, small difference
in pressure distribution is observed at NPR=5.0, drastic differences are seen at NPR values of 5.2 and 5.3. In fact,
while the subsonic mode existed at these conditions during increasing direction of NPR, the flow remained in the
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supersonic mode during decreasing direction of NPR, indicating strong hysteresis on mode switch. At MAR=0.88,
stronger hysteresis was expected at ambient condition compared to 400°F. In order to capture the hysteresis as the
NPR is reduced, the NPR must first be raised high enough so that the flowfield completely transitions o supersonic
conditions. For the ambient temperature condition at MAR=0.88, the transition was not completed at NPR=5.5.
Perhaps a higher NPR would have resulted in a complete transition.

4.3.2.3 Impact of Mode Switch and Hysleresis on Farfield Noise

The mode switch occurs in two specific manners: a gradual transition or an abrupt change from subsonic to
supersonic mode. For gradual transition, the hysteresis is minimal, whereas, for abrupt mode switch a strong hys-
teresis is observed. The impact of mode switch and hysteresis on farfield noise for gradual transition cases is exam-
ined in Figure 264 where noise levels for increasing as well as decreasing NPR are plotted at the same NPR, for an
axial mixer configuration with MAR=1.18. Based on Figure 264, the impact of hysteresis seems to be insignificant
on noise levels for this configuration. Whether significant hysteresis, which keeps the modes subsonic during
increasing NPR and supersonic during decreasing NPR at the same condition, would impact on farfield noise, is
examined for the axial mixer configuration with MAR=0.88 at 400°F condition in the following section.

The shroud force parameter and the corresponding EPNL, peak PNLT, and PNLT at various polar angles are
plotted with respect to NPR in Figure 265 for an axial mixer-ejector configuration with SAR=4.9 and with long
shroud at 400°F temperature conditions. Figure 265 shows an abrupt mode switch and strong hysteresis occurred
with MAR=0.88 for three NPR values, 5.2, 5.3, and 5.4. The EPNL levels are also different for NPR=5.2 and
NPR=5.3, between subsonic and supersonic modes. The PNLT values are significantly increased at NPR=5.2 and
5.3 between subsonic and supersonic modes. For NPR=5.1, even though the shroud force parameter shows signifi-
cant hysteresis, the EPNL and PNLT values do not indicate such phenomenon. This can be explained on the basis
of the sensitivity of hysteresis. This point is close to the end of hysteresis loop towards subscnic mode. Hence,
slight reduction of NPR could close the loop and bring back the flow from supersonic to subsonic mode.

The PNLT directivities at NPR values of 5.0, 5.1, 5.2, 5.3, and 5.4 are shown in Figure 266. Substantial
increase in PNLT is observed at aft angles for NPR levels of 5.2 and 5.3. Spectral plots of SPL for NPR=5.0, 5.2,
5.3, and 5.4 are shown in Figures 267 through 270. Significant SPL increase is observed for the entire frequency
range at aft polar angies.

4.3.2 Mode Swiitch Phenomena and Conirol

The aerodynamic testing and data analyses during this program were principally conducted to aid in under-
standing mixing duct transition from compound compressible subsonic to compound compressible sonic flow. For
the geometries evaluated in this program, strong evidence of mode switch and hysteresis was not always evident.
This may, in part, be due to the lower penetration of the mixer hot lobes (65 percent penetration for the vortical
mixer and 90 percent for the axial mixer) which provided a shielding or buffering flow along the shroud walls (see
Section 3.2.2.2.3). It is possible that stronger shocks existed at center stream and the buffering flow prevented the
attendant axial pressure gradients from being measured at the shroud wall. It is also conceivable that the buffering
flow could modify the internal shock structures, spreading these gradients. Either scenario, however, can only be
conjecture at this point as the data does not allow better definition.

The major concern with mode shift in a mixer-ejector nozzle is the associated sudden change in static pressures
and loads in the mixing duct and the attendant shift in shroud loading (forces). Another concern, not measured
here, would be any sudden shift in thrust performance as NPR increases (and decreases). During this program, a
sudden shift in loading was only observed for ambient temperature and at high NPR (4.5 or greater).
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The axial mixer reduced the severity of the mode shift. With short shrouds and/or low MAR, the mode switch
can be eliminated from the operating regime. Even if mode switch does occur, the associated change in mixing duct
pressures is gradual and is not characterized by sudden shifis in static pressure.

The strongest influence on mode switch was found to be the MAR, as shown in Figure 271, which gives the
critical NPR (for mode switch) for the long shroud configurations. Based on this relationship, a MAR of 0.92 (or
less) would prevent mode switch when operating at NPRs less than 4.5 for both the vortical and axial mixers oper-
ating at takeoff flight Mach numbers.

4.4 LASER TWO-DIMENSIONAL FIBER OPTICS FLOWFIELD MEASUREMENT

Laser Doppler velocimeter (LDV) measurements have been made on several vortical and axial mixer-gjector
configurations in Cell 41 for external plume survey and the survey of flowfield internal to the ejector. Figare 272
shows the fiber optics LDV system (operated in a two-velocity component mode with four beams) and an axial
mixer-gjector nozzle configuration, mounted in the anechoic chamber. For each configuration, data is acquired at
different nozzle flow conditions, with and without flight simulation. In addition, the effects of shroud length and
acoustic treatment on plume flowfield are studied. The LDV system isused n a two-dimensional mode in the cur-
rent series of tests; the X- (axial) and Y- (vertical) components of velocity and turbulent intensity are acquired in
all raverses.

The LDV measurements are made in two different ways: 1) by continucusly traversing the laser, and 2) acquir-
ing about 2000 data samples at a single location. For continuous survey, 50 data points within a short duration are
averaged, and the averaged velocity components are assigned to the mid-location of the distance traversed within
the duration. Approximately 20 averaged data points are obtained per inch along spaawise and vertical traverse
directions during continuous traverse. Along the axial (X) direction in the external plume, the traverse speed is
much higher and approximately one averaged data point is obtained per inch. Velocity obtained in this way 1s
termed the running average velocity. In the second method, all the data samples (about 2000 data samples) are
averaged to obtain the velocity components. Using these data samples, the relative turbulence intensity along X-
direction (T1,) in percent is computed as follows:

N
2
z (Vx, ave Vx, i)

Fe=1

N
* v

x, ave

Ti = 100

where N=2000, V, , .~average velocity component along the X-direction, V, ;=instantaneous (sample) velocity
component along the X-direction.

Taking 2000 data samples for every location gives statistically more accurate results compared to the continu-
ously traversed results. However, the continuous traversing method is much faster and reasonably adequate to get
an estimate of mean velocity. Most of the measurements are made using the running average method in the current
program to understand mean flowfield distributions and for comparison with CFD predictions. Limited amounts of
measurements are made with 2000 data samples per location to validate the running average data and to obtain sta-
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tistically more accurate turbulence intensity results. The validity of running average results will be shown later by
comparison with averaging of 2000 data samples.

Laser doppler velocimeter tests are conducted to study the effects of mixer design and ejector length on mean
velocity and relative turbulence intensity profiles at the ejector exit plane, and the plume decay rates aft of the ejec-
tor exit. Plume decay is evaluated by LDV traverses along major and minor axes at several axial locations from the
ejector exit. Typical traverse locations are shown in Figure 273(a). The ejector exit plane mean and turbulent veloc-
ity profiles are measured along the spanwise direction (Z-direction) at every 0.5-in. interval, starting at Y=0. In
addition, measurements are made at four spanwise traverses and two vertical (Y-direction) traverses, as shown in
Figure 273(b). The coordinates for traverse locations are also normalized with respect to the width of the ejector,
We, which is 6.8 in. for all configurations (Figure 273).

4.4.% Laser Doppler Velocimeter Test Results for External Plume

4.4.1.1 Axial Mixer-Ejector Configurations

Figure 274 shows an isometric view of an axial mixer-ejector configuration. In addition, the axial (X), vertical
(Y), and spanwise (Z) traverse directions are shown in this figure. Two configurations of axial mixer-ejector nozzle
are tested, one with short hardwall shroud (Lgy=10.46 in.) and the other with long hardwall shroud (Lg;=18.85 in.).

The shroud area ratio (SAR) and mixing area ratio (MAR) are kept at 4.9 and 1.18, respectively, for both these con-
figurations.

Figure 275 shows a comparison, conducted with the axial mixer-ejector and the long hardwall shroud, between
running average axial velocity (V,) and the axial velocity from averaging 2000 data samples along X-, Y-, and Z-
directions. The corresponding relative turbulence intensity results are also plotted. The comparisons indicate very
good agreement between the running average and 2000 data sample-averaged velocities. Hence, the running aver-
age mean velocities are presented in the remaining portion of this section. Relative turbulence intensities close to
the ejector exit plane (X=0.65 in.) are about 16 to 18 percent (note that turbulence intensity is relative because is
normalized by the local mean velocity). Along the axial direction, the relative turbulence intensity decreases with
respect to X to about 10 percent at X=35 in. and then increases with X due to a reduction in mean velocity. These
high levels of relative turbulence intensity indicate significant mixing processes are still occurring, and it is quite
evident that there is no potential core in the exit plume. This point needs to be kept in mind in estimating external
plume noise using existing semi-empirical jet noise prediction methods, such as the SAE method which is based on
round jets with well defined potential cores.

Figure 276 shows the axial (V,) and vertical (Vy) velocity distributions along Y- and Z-directions for the axial

mixer-ejector nozzle with short hardwall shroud at close vicinity of the ejector exit plane. The spanwise distribu-
tion of axial velocity clearly indicates the crests and troughs due to the individual chutes, with a variation of about
500 ft/sec. This data is indicative of lack of efficient mixing of primary and secondary streams in the ejector. The
vertical distribution of axial velocity shows a dip at the center, indicating possible secondary flow migration
towards nozzle centerline. The vertical velocity along spanwise and vertical directions show a small variation and
the mean value is very close to zero. The external flow is predominately in the axial direction. In subsequent
results, only the axial velocity component will be shown.

Spanwise and vertical distributions of axial velocity along X-direction for the axial mixer-ejector-nozzle with
short hardwall shroud are examined in Figure 277. The axial velocity difference, between the crests and troughs
due to individual chutes along spanwise direction, gradually diminishes with increasing axial distance due to mix-
ing. At about one nozzle width (X=6.8 in.) downstream of the ejector exit plane, the velocity profiles are more uni-
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form. The velocity dip at the center along vertical direction gradually reduces with X, but still persists at X=06.8 in.
Comparison of axial velocity distributions between spanwise and vertical directions at 10 axial locations are shown
in Figure 278 for axial mixer-ejector configurations with short and long hardwall shrouds. Closer to the exit plane,
significant difference is observed between spanwise and vertical velocity distributions. However, with increasing
X, the velocity distribution differences between the axes diminish, and both the profiles look very similar beyond
X=40 in.

4.4.1.1.1 Effect of Nozzie Pressure Ratio (NPR)

Figure 279 shows the comparison of velocity variations along the vertical direction between the center of hot
and cold chute flow regions close to the ejector exit piane at two NPRs. A dip in velocity at the center of the nozzle
(Y=0) is noted as before. However, the magnitude of the velocity dip is smaller at the center of hot flow region
compared to the center of the chute. The velocity minima values do not change significantly by changing the NPR
and total temperature, indicating entrained secondary flow is not being efficiently mixed with primary. However,
the velocity distributions away from the center are lower for NPR=2.5 compared to NPR=3.5, indicating that the
flow away from nozzle vertical and spanwise centerlines is dominated by the primary stream.

The effect of NPR is examined in Figure 280 by comparing the spanwise and vertical velocity and relative tur-
bulence intensity distributions between two flow conditions close to the ejector exit plane. The spanwise velocity
distribution clearly indicates the crests and troughs due to individual chutes for both the conditions. However, the
magnitudes of the axial velocity and the velocity difference between the crest and trough are higher for the higher
NPR, which is due to higher convection Mach numbers as NPR is increased and reduced lower levels of mixing.
The velocity distributions in the vertical direction for the two NPRs are very close to each other at the center and up
to about mid way from the center to the shroud. Again, the velocity at Y=0 is predominantly entrained flow, which
stays at about same value irrespective of primary stream NPR. Closer to the shroud, the axial velocity increases
towards the shroud for NPR=3.5, whereas, the velocity gradually decreases for NPR=2.5, indicating the predomi-
nance of the primary stream towards the shroud. We do not see much variation of relative turbulence intensity
between the trough and crest along the Z-direction. Apparently, the relative turbulence intensity is slightly higher
for lower jet velocity (i.e., for lower NPR) and is in the range of 20 percent.

The axial velocity distributions between two nozzle aerothermodynamic conditions are further compared at 10
axial locations in Figure 281. The velocity levels for NPR=3.5 are higher compared to NPR=2.5 with respect to Y
as well as Z directions for all the X locations, up to X=68 in. (i.e., 10 ejector widths from the exit plane).

The axial evolution of the external plume and the relative tarbulence intensity variations along X are shown in
Figure 282. For NPR=3.5 the axial velocity increases along X up to about 3 ejector widths (X=20 in.), remains con-
stant up to about X=50 in., and then decreases. However, for NPR=2.5, the velocity increases gradually, attains a
constant level at about two widths from the ejector exit, and remains constant further downstream. The relatively
higher value reached for NPR=3.5 at nozzle centerline is due to further acceleration of the flow at the nozzle cen-
terline by the high velocity regions. It should be noted that the velocity at the exit plane is about the same for both
NPRs, which is due to the unmixed secondary flow. Relative turbulence intensity, as also observed in Figure 230, is
slightly lower for NPR=3.5 at the exit plane compared to NPR=2.5 and is about the same slightly downstream. The
relative turbulence intensity is slightly higher for NPR=3.5 in the plume beyond X=20 in. The relative turbulence
intensity levels are indicative of a very turbulent plume for the axial mixer-ejector configuration compared to the
potential core of a round convergent nozzle, which typically has 2 to 3 percent relative turbulence intensities in the
potential core.
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The effect of NPR on axial velocity and relative turbulence intensity distributions, along spanwise and axial
directions, for the axial mixer-ejector nozzle configuration with long hardwall shroud, is examined in Figure 283.
The spanwise velocity distributions for three NPRs (2.5, 3.5, and 4.5) show no crest and trough corresponding to
the chutes, indicating almost complete mixing within the ejector. The spanwise velocity variation is relatively small
for each of the NPR and the average value increases with NPR. The velocity variation along the X-direction shows
gradual increase, followed by a plateau, and then a decrease. The velocity decay is much steeper for NPR=4.5. The
relative turbulence intensity levels are slightly lower for NPR=2.5 along the Z-direction compared to NPR=3.5.
Along the X-direction, the relative turbulence intensity levels reach a minimum of about 10 percent for both the
flow conditions at X=30 in. and then start increasing with increasing X.

The axial velocity distributions between two nozzle aerothermodynamic conditions are further compared at 10
axial locations in Figure 284 for the long shroud mixer-ejector configuration. As expected, the velocities for
NPR=3.5 are higher compared to NPR=2.5 with respect to Y- as well as Z-directions for all the X locations, up to
X=68 in. (10 ejector widths from the exit plane).

4.4.1.1.2 Effect of Shroud Length

Effect of shroud length on spanwise velocity and relative turbulence intensity distributions are examined in
Figure 285. While the crests and troughs are prominently observed for short shroud configuration (Lg;=10.46 in.),

the mean velocity is relatively uniform for long shroud configuration (Lg;=18.85 in.) without any distinct crest and

trough. The turbulent intensity levels are relatively lower for the long shroud configuration along spanwise and
vertical directions, which is another indication of better mixing for the longer shroud. The velocity profiles for
short and long shrouds are compared at a number of axial locations in Figure 286. The nonuniformity of velocity
distribution along the Z-direction for the short shroud configuration diminishes with increasing X, and becomes
uniform at X=20 in. (about three widths downstream of the ejector exit). Along the Y-direction, the velocity dip at
the center decreases with increasing X, and the profile becomes uniform at about X=40 in. for both shroud config-
arations. Figure 287 shows the effect of shroud length on velocity and relative turbulence distributions along the X-
direction at the ejector centerline (Y=2=0). The velocity for the short shroud case is much lower compared to that
for the long shroud at the ejector exit plane, indicating poorer internal mixing for the short shroud configuration.
The relative turbulence intensity levels are slightly higher for the short shroud configuration compared to the long
shroud case. Relative turbulence intensity decreases with respect to X, reaches a minimum (about 10 percent) at
about 30 in. downstream of the ejector exit, and then increases with increasing X.

4.4.1.1.3 Effect of Flight Simulation

The effect of flight simulation on velocity and relative turbulence intensity distributions along the axial direc-
tion are shown in Figure 288 for the long shroud configuration. The effect of freestrearn Mach number is very
prominent on velocity decay along the X-direction. The velocity at the ejector exit plane is lower with flight simu-
lation than the static case. This is probably caused by reduced internal mixing for the flight case due to increased
secondary flow entrainment relative to the static case. However, the velocity decay along X-direction is much
faster for the static case compared to flight case, which is due to reduced mean shear in the flight case. The relative
turbulence intensity levels are very close to each other, with and without flight, closer to the ejector exit up to about
X=30 in. Further downstream, at higher axial locations in the plume, the relative turbulence intensity is higher at
static condition compared to flight simulation. The effect of flight on velocity distributions along spanwise and ver-
tical directions are shown in Figure 289 and 290, respectively, for axial locations of 0.65 in. and 6.8 in. The effect
of flight seems to be minimal along Y and Z, closer to the ejector exit, since the full effect of mean shear reduction
due to freestream is not felt by the plume at distances close to the exit plane. This is further illustrated in Figure 291
by comparing the velocity profiles, with and without flight simulation, at a number of axial locations.
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£.4.1.2 Vortical Mixer-Ejector Configurations

Typical LDV results in the external plume for vortical mixer-gjector configurations are presented in this sec-
tion. Figure 292 is an isometric view of a vortical mixer-gjector configuration, showing the axial (X), vertical (Y),
and spanwise (Z) traverse directions. Two configurations of vortical mixer-ejector nozzle, one with short hardwall
shroud (L =10.46 in.) and the other with long hardwall shroud (Lp~18.85 in.), are tested. The shroud area ratio,

SAR, and mixing area ratio, MAR, are kept 4.9 and 1.18, respectively, for both configurations.

Figure 293 shows the comparison of axial velocity variations along the vertical direction between the centers
of hot and cold chute fiow regions close to the ejector exit plane for long and short shroud configurations. The
velocity level at Y=0 is higher at the center of the hot flow region compared to the center of the chute for both the
configurations. However, the velocity difference between these two points is much smaller for the long shroud con-
figuration. Axial velocity distributions for the short shroud configuration have velocity variation of about 500 fi/
sec for hot and about 250 f/sec for cold chute flow regions indicating lack of good mixing within the length of
ejector. However, the velocity variations for the long shroud configuration are much smaller indicating that almost
complete mixing occurs by the end of long ejector.

The axial velocity profile variations along the axial direction are further examined in Figure 294 by comparing
velocity profiles between spanwise and vertical directions at a number of axial locations. For the short shroud con-
figuration, the profiles are very nonuniform and different between spanwise and vertical directions closer to the
exit up to about 4 to 5 widths (X=27 in.). At axial locations further downstream, the velocity profiles are closer to
cach other and relatively more uniform. The velocity profiles along the vertical direction are relatively wider at
these locations. For the long shroud configuration, the velocity profiles are relatively more uniform. The velocity
profiles between spanwise and vertical directions are similar to each other from about the 3-width position
(X=201in.), which is indicative of better mixing for the longer shroud configuration.

4.4.1.2.1 FEffect of Nozzle Pressure Ratio (NPR)

The axial decay of the external plume along the nozzle centerline (Y=2=0) is shown in Figure 295 for three
different aerothermodynamic conditions, for short and long shroud configurations. Except for NPR=2.5, the axial
velocity remains constant for up to about five ejector widths (X=34 in.) and then starts decaying. For NPR=2.5, the
velocity increases gradually, attains a maximum level at about six widths from the ejector exit, and then decreases.
For the short shroud configuration, at NPR=2.5, the initial velocity is lower compared to long shroud configuration
and, hence, the velocity rise is relatively higher compared to long shroud configuration, even though the peak level
is the same for the both cases. The axial mean velocity variation exhibits typical subsonic jet characteristics, in that
the velocity decay is approximately proportional to 1/X after about seven widths from the ejector exit plane (about
50in.). However, turbulent intensity distributions need to be analyzed to interpret the plume decay features.

Vertical distributions of axial velocity at two axial (X) locations for long and short shroud vortical mixer con-
figurations are examined in Figure 296 under three different aercthermodynamic conditions. Close to the ejector
exit plane, three velocity peaks are observed along the Y-direction, including one at the center of the cold chute
{Y=0) for short and long shroud configurations at NPR values of 3.5 and 4.5. For NPR=2.5, a valley is observed at
the center as opposed to a peak for higher NPRs. The difference between the peaks and the dips is relatively higher
for the short shroud configuration compared to the long shroud case. However, with increasing X, the velocity vari-
ation along Y reduces and becomes relatively flatter, as observed in Figure 296(c) and Figure 296(d) at X=13.6 in.

Figure 297 shows the axial velocity distributions along the spanwise (Z) direction for the cases shown in
Figure 296. Close to the ejector exit plane (X=0.65 in.), chute to chute variations are clearly identifiable in the
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velocity distributions. The spanwise velocity distribution clearly indicates the crests and troughs due to individual
chutes for short shroud configuration. The magnitudes of the axial velocity, and the velocity difference between the
crest and trough, increase with increasing NPR, which is due to higher convection Mach numbers as NPR is
increased, and results in a lower level of mixing. However, for the long shroud configuration, the velocity variation
between primary and secondary flow regions is much smaller compared to the short shroud case, which is indica-
tive of better mixing for the longer shroud. With increasing X, the velocity profiles become more uniform for both
the configurations at all three flow conditions. As shown in Figure 297(c) and Figure 297(d), the velocity profiles
along the Z-direction are uniform and resemble single flow nozzle profiles at X=13.6 in.

Axial velocity profiles for NPR=2.5 are compared with those for NPR=3.5 along spanwise and vertical direc-
tions at a number of axial locations up to ten widths from the exit plane, for short and long shroud configurations
(Figures 298 and 299). As expected, the peak velocities for NPR=3.5 are higher compared to those for NPR=235
for both shroud configurations. However, the velocity profiles are more uniform close to ejector exit for the long
shroud configuration, indicating better mixing in the gjector.

The effect of NPR on relative axial turbulence intensity distributions for short and long shroud configurations
is shown in Figure 300. In general, the relative turbulence intensity levels are about 20 percent at the ejector exit
for the short shroud configuration. These levels are about 15 percent for long shroud configuration. Axially, for
both configurations, the relative turbulence intensity decreases with X, reaches a minimum at about 30 in. from the
exit plane, and then increases for higher X. The minimum level is about 10 percent. The effect of NPR on relative
tarbulence intensity is insignificant at the ejector exit. However, these levels are higher for NPR=3.5 compared to
NPR=2.5 along axial direction. The effect is significant for the short shroud configuration. Based on the magnitude
of relative turbulence intensity, the external plume flow appears to be highly turbulent. Hence, it is mcorrect to
assume the externally generated noise to be similar to a reference conic nozzie.

4.4.1.2.2 Effect of Shroud Length

The effect of shroud length on external plume velocity distributions is further examined in Figure 301. Velocity
distributions along the X-direction at Y=Z=0 show very little effect of gjector length. With respect to spanwise
velocity distribution, while the crests and troughs are prominently observed for the short shroud configuration
(Lp=10.46 in.), the velocity is relatively uniform for the long shroud configuration (Lg =18.85 in.} without any
distinct crest and trough (Figure 301(b)). Velocity distributions along the Y-direction also indicate uniform profile
for the long shroud compared to the short shroud configuration. This is further demonstrated in Figure 302 by com-
paring the spanwise and vertical velocity profiles between short and long shroud configurations at a number of
axial locations up to about ten widths from ejector exit plane.

44123 Effectof Flight Sirmulation

The effect of flight simulation on velocity distributions along the three axes are examined in Figures 303
through 306 for the vortical mixer-ejector nozzle with long and short hardwall shroud configurations. The effect of
freestream Mach number is minimal on nozzle centerline velocity distribution for about three to four times of gjec-
tor width. In this region, the velocities with and without flight simulation are of the same level and remain the same
with respect to X. Further downstream, the velocity decay along the X-direction is much faster for the static case
than the flight case, which is due to reduced mean shear in the flight case. These effects are quite similar for short
and long shroud configurations. The effect of flight seems to be minimal along Y and Z for long and short shroud
configurations near the ejector exit plane, since the mean shear reduction due to freestream has not yet impacted
the internal regions of the plume close to the exit plane. However, further downstream, as observed in Figures 304
and 306, the velocity profiles show significantly more decay for static condition than those with flight simulation.
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The impacts of shroud length and flight simulation on axial variation of relative turbulence mtensity are shown
in Figure 307. For the static condition, the relative turbulence intensity is higher for the short shroud configuration
compared to long shroud. However, this difference is negligible with flight simulation at large distances from the
exit. Closer to the ejector exit, the relative turbulence intensity is still higher for the short shroud configuration. The
relative turbulence intensity is higher for static condition compared to flight simulation downstream of the ejector
exit plane. This effect is more noticeable for the short shroud configuration compared to long shroud.

4.4 1.2.4 Effect of Acoustic Treatment

The effect of acoustic treatment on the external velocity profiles are examined for a vortical mixer-gjector noz-
zle with long shroud (L;=18.85 in.). All the LDV measurements were taken at a fixed aerothermodynamic condi-

tion of NPR=3.5, T=1735R, and V;=2518 fi/sec.

Figure 308 shows the axial (V,) velocity distributions along Y- and Z-directions at three axial () locations

downstream from the ejector exit plane with flight simulation (Mn=0.32). Contrary to physical intuition, the axial
velocity with acoustic treatment seems to be slightly higher (about 100 ft/sec) compared to the hardwall configura-
tion at both Y- and Z-directions for all three axial locations. At and near the centerline (Y=Z=0), the velocities with
and without treatment are almost equal. Figure 309 shows similar results at two axial locations at static condition.
In this case, the axial velocities are lower with treatment at and close to the centerline, but remain higher away
from the center, compared to the hardwall configuration. Apparently, the axial velocity increase due to treatment is
relatively lower for static condition compared to the flight simulation case.

Figure 310 shows the effect of treatment on axial velocity distributions along vertical direction (Y) at the cen-
ter of hot and cold chute flow regions close to the ejector exit plane (X=0.65 in.) with flight simulation. Again, the
velocities with treatment are higher away from the centerline and almost equal near the centerline, compared to the
hardwall configuration, at hot and cold chute flow regions.

Figure 311 shows the effect of treatment on axial velocity distributions along spanwise directions (Z) at various
Y locations close to the ejector exit plane (X=0.65 in.) with flight simulation. At Y=1.0 in,, the entire velocity pro-
file with treatment is about 100 fi/sec higher compared to the hardwall configuration. With increasing height (Y},
the velocities for the treated configuration become lower compared to the hardwall configuration close to the ejec-
tor wall, and the trend is reversed near the centerline.

Two hypotheses are proposed to explain the velocity increase due to gjector treatment. First, the boundary layer
thickness might have increased due to increased the roughness of the treatment, which would cause a reduction in
the ejector cross-sectional area. Hence, the overall velocity with treatment might have gone up for the same amount
of mass flow rate. The assumption of same amount of mass flow rate with and without treatment is based on static
pressure distribution, shown in Figure 312, which indicates secondary stream choking (P .<Pcr) and, hence, one
may assume primary and secondary mass flow rates stayed the same for hard and treated cases. Unfortunately,
there was no static pressure instrumentation for the treated configurations. However, it is conceivable that the sec-
ondary flow is compound choked for this condition, based on the static pressure distribution in Figure 312. It
should be pointed out that, for turbulent boundary layers, roughness has minimal effect, and the wall is hydrauli-
cally smooth, if all protuberances are contained within the laminar sublayer, or the dimensionless roughness is less
than 5 (Ref: Boundary Layer Theory by Schlichting). For the present case, our explanations are based on the
assumption that the treatment roughness is high enough to effect the boundary layer.
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Secondly, based on the static pressure distributions on the hardwall shroud surface (Figure 312), a relatively
strong static pressure gradient is present in the ejector slightly downstream of the mixer exit plane. The steeper
static pressure rise probably represents a shock structure whose strength might have been reduced for the treated
ejector (no pressure data available for the treated configuration) and, hence, the pressure rise across the shock
might have been lower compared to the hardwall configuration. This might have caused a higher flow velocity for
the treated configuration. This is a conjecture due to lack of static pressure data for the treated configuration.

Both these effects might have contributed to the velocity increase for the treated configuration compared to the
hardwall case as observed in Figures 308, 310, and 311. The treatment roughness could make the velocity gradient
less steep than that near a smooth one, as can be seen in Figure 311, especially at higher Y locations. Due to effec-
tively thicker boundary layer for the treated case, close to the shroud (higher Y), the treated configuration exhibits
slightly lower velocities near the sidewalls, and slightly higher velocities in the interior of the nozzie 1o satisfy
mass flow continuity. For static condition, the velocity increase due to treatment is relatively small (Figure 308},
which might have been caused due to the weaker shock, as indicated by shroud surface pressure distribution in
Figure 312. Since the shock strength for static condition is small for hardwall, the treatment might not have
impacted on its strength as much and, hence, the velocity increase might have been caused only by change in
boundary layer due 10 reatment.

In future tests, it would be advisable to make LDV measurements of the treated as well as hardwall configura-
tions, along with static pressure distribution measurements to understand and interpret the effect of reatment on
performance and mixing.

4.4.1.3 Effect of Mixer Design {(Axial Versus Yortical)

It is important to examine the effect of mixer design on velocity and relative turbulence intensity distributions,
since the axial and vortical mixers are guite different in their designs. Figure 313 shows the axial, vertical, and
spanwise velocity distribution comparisons between axial and vortical mixers with short shroud. As can be seen,
the velocity profiles are drastically different between the axial and vortical configurations. At the center of the exit
plane, the axial velocity is very low for the axial mixer compared to the vortical configuration. The centerline
velocities are closer for the two mixers after about ten widths (X=70 in.) from the ejector exit. Velocity distribu-
tions along spanwise and vertical directions close to the ejector exit are significantly different between the two
mixer designs. The velocity comparisons between the two mixers along the axial direction are shown in Figure 314
for NPR=3.5. Similar characteristics are still observed for lower NPR (NPR=2.5) conditions, as shown in
Figure 315. The lower velocity levels for the axial mixer indicate more ambient entrainment in the ejector com-
pared to the vortical configuration.

Similar results with the long shroud are shown in Figures 316 and 317. In this case, the velocity profiles along
the spanwise direction are more uniform for both designs compared to short shroud profiles. This is indicative of
better mixing. However, the velocity distribution in the vertical direction for the axial mixer shows large variation
compared to the vortical mixer. Velocity distributions along the X-direction show lower levels for the axial mixer at
the centerline for the entire distance of the traverse (X=73 in.). Similar results with the long shroud at static condi-
tion are shown in Figures 318 and 319.

Relative turbulence intensity distributions between the axial and vortical mixer configurations are shown in
Figure 320. Close 1o the ejector exit plane, the relative turbulence intensity levels are slightly higher for the axial
mixer compared to the vortical configuration, due 10 lower mean velocity for the axial mixer. However, the distri-
butions along the X-direction indicate very little difference in relative turbulence intensity between the mixer
designs beyond 2-3 widths from the exit.
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4.4.1.3.1 Axial Velocity Contours Close to Ejector Exit Plane

Laser doppler velocimetry traverses along Z-directions were made at X=0.65 in., at different Y, with a step of
V=05 in. Seventeen such traverses were made for both mixer configurations at this plane, and utilizing these data,
axial velocity contour plots were generated. Typical contour plots with flight simulation (Mn=0.32) are presented
in this report to show mixing characteristics with respect to ejector length and mixer design. Short (Lp=10.461n.)
and long (L;y~18.85 in.) hard wall shrouds were used for both vortical and axia! mixer configurations. For all the

configurations, the same SAR of 4.9 and MAR of 1.18 were maintained.

Figure 321 shows the axial velocity contours for vortical mixer-gjector configurations with short and long
shrouds for NPR=2.5, T;=1325R, and V;=1919 fi/sec. For the long shroud configuration, the velocity distribution
indicates more flow uniformity compared to the short shroud configuration. This indicates relatively better mixing
for the long shroud ejector. Similar results for axial mixer configurations are shown in Figure 322. Again, the
results indicate more velocity uniformity for long shroud configuration compared to short shroud case. Comparing
the results for the two mixer designs for long shroud configurations (Figure 321(b) and Figure 322(b}), more veloc-
ity uniformity is observed for axial mixer-gjector nozzle.

Similar results for vortical and axial mixer-gjector configurations for a higher nozzle pressure condition
(NPR=3.5, T=1735°R, Vj=25 18 fi/sec) are plotted in Figures 323 and 324, respectively. The general behavior with
respect to velocity uniformity is similar to what is observed in Figures 321 and 322 for NPR=2.5, T=1325°R,
Vj=19l9 fi/sec. However, relatively higher level velocity contours are observed for NPR=3.5, T=1735°R,
V=2518 fi/sec. The significant differences in the velocity distribution of axial and vortical mixer designs for both
ejector lengths are due to differences in mixer designs. The axial mixer design shows vertical strips whereas the
vortical mixer shows more uniform mixing with concentrated high velocity peaks in the center. This is particularly
evident for the short gjector configurations.

4.4.2 Laser Doppler Velocimeter Test Results for internal to Ejector Fiowfield

Only the short hardwall shroud configurations (Lp 7=10.46 in.) were tested for the internal ejector flowfield.
Glass windows (8 in. x 7 in.) were used on the sidewalls to cover the entire width (Y) and extend from the exit of
the mixer to about 2.5 in. upstream of the gjector exit plane, along the length (X) of the side walls. Figure 325
shows the laser beams of the fiber optics LDV system (operated in a two-velocity component mode with four
beams) passing through the sidewall glass windows of a mixer-ejector nozzle configuration, mounted in the
anechoic chamber.

Laser Doppler velocimetry tests for internal flowfield survey are conducted to study the effects of mixer design
and flow conditions on mean velocity and relative turbulence velocity profiles internal to the ejector. Laser Doppler
velocimetry traverses are made at a number of locations along axial (30), vertical (Y), and spanwise (Z) directions.
The coordinates for traverse locations are shown in Figure 326 and are quantified in inches as well asin a normal-
ized parameter with respect to the width, W of the ejector, which is 6.8” for all configurations.

The mean and wrbulent velocity profiles along the axial (X) direction are measured at three locations, 1, 2, and
3 (Figure 326), covering the entire glass window length from the mixer exit to approximately 2.5 in. upstream of
the ejector exit. Locations 1, 2, and 3 correspond to the midpoint of the core or hot flow, the center of the core or
hot flow at nozzle centerline, and the center of the secondary or cold flow, respectively. Traverses along vertical
(Y) and spanwise (Z) directions are made at three axial locations, X=-9.4 in., X=-6.4 in., and X=-3.4 in. At each
axial location, two vertical (Y) and four spanwise (Z) surveys (Figure 326) are made.
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4.4.2.9 Axiaf Mixer-Ejector Configuration
The spanwise traverses at two Y locations (i.e., Y=0.85 in. and 2.55 in.) out of four are isometrically illustrated

in Figure 327 for the axial mixer-gjector configuration.

Spanwise distributions of axial velocity at (a) Y=0 (centerline plane), (b) Y=0.85 in., {¢) Y=1.7in, and (d}
Y¥=2.55 in. (close to shroud), for three axial locations, are shown in Figure 328. At Y=0 (Figure 328(a)), the axial
velocity difference between the crests and troughs, due to individual chutes along the spanwise direction, dimin-
ishes rapidly with increasing X due to mixing. At Y=0.85 in. and 1.7 in. (Figure 328(b} and (c)), the axial velocity
crests are much higher at X=-6.4 in. and -3.4 in. compared to those levels at Y=0. The velocity distributions at dif-
ferent axial locations are further diminished at Y=2.55 in. They are significantly influenced by the entrained sec-
ondary flow. These results are replotted in Figure 329 comparing the spanwise velocity distributions at different Y
locations at three axial positions. Close to the mixer exit (X=-9.4 in.), the velocity distributions show reasonably
distinct (unmixed) primary and secondary streams to about Y=1.7 in. However, at Y=2.55 in., the velocity levels
are much lower at the trough and at the crest compared to those at lower Y locations. This is due to the unmixed,
entrained, secondary flow close to the ejector shroud. At axial locations downstream, the crest velocity levels at
Y=0 are lower, indicating primary flow migration from the center plane of the gjector.

The effect of NPR on spanwise velocity distributions is shown in Figure 330 at X=-3.4 in. At Y=0, the velocity
levels are higher for higher NPR. However, such a distinct trend is not observed with increasing Y, which is caused
by the mixing of the hot primary stream with secondary flow.

The effect of simulated flight on the spanwise velocity distributions is shown in Figure 331. The peak velocity
levels decrease with flight simulation, mostly away from the center plane (Y=0). This is possibly caused by
increased entrainment due to flight leading to a reduction of axial velocity levels.

Limited internal LDV measurements were acquired for the axial mixer configuration. Utilizing these data,
axial velocity and relative turbulence intensity distributions along the X-direction are obtained and are shown in
Figure 332. The axial distributions are acquired at the cemter plane (Y=0) and at chute mid-height plane
(Y=1.35in.), along the cold stream (Z=0) and hot stream (Z=0.97 in.). The hot stream velocity distributions
between Z=0 and 7=0.87 in. are significantly different, whereas, similar results along the cold stream are almost
identical for most of the ejector length away from the mixer exit. Note that the mean velocity measured at
X=-9.4in. is close to ideally expanded jet velocity. Cold flow has been accelerated from about 360 fi/sec in
freestream to about 650 to 700 fi/sec at X=-9.4 in. The relative turbulence intensity levels vary between 10 0 20
percent, and the levels along the cold streams seem to be higher compared to hot stream. These levels are compara-
ble to what is measured external to the ejector. '

4.4.2.2 VYortical Mixer-Ejector Configuration
The axial (X) and vertical (Y) traverse locations for the vortical mixer are illustrated in Figure 333. The span-
wise traverses at Y=0.85 in. and Y=2.55 in. are isometrically illustrated in Figure 334.

The axial velocity and relative turbulence intensity distributions along the X-direction, internal to the ejector,
are shown in Figure 335 for NPR=2.5 and total temperature of 1325°R. The corresponding ideal velocity, V;, is
1919 fi/sec. Velocity distributions along traverses 1 and 2, which are at the center of the primary jet at two different
heights (Y=1.1 in. and Y=0), are almost identical to about X=-7.5 in., and are much higher compared to that along
the center of secondary flow (along traverse 3), indicating relatively little spanwise mixing between primary and
secondary streams. Downstream of X=-7.5 in., the core velocity drops drastically, while the secondary flow veloc-
ity increases slowly, indicating occurrence of mixing between core and secondary flows. Velocity decrease at the
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middle of core jet away from the nozzle centerline is faster compared to that at the middle of core jet at the nozzle
centerline. Primary jet at nozzle centerline is relatively isolated from secondary jet. Spanwise mixing is relatively
poor, even at X=-4, since the velocities along 1, 2, and 3 are not the same. The relative turbulence intensity distri-
bution, shown in Figure 335, is measured along traverse 2 (Y=0, Z=0.85 in.), which is along the hot stream. The
relative turbulence intensity level is lowest close to the mixer exit at is about 10 percent. The level increases with
increasing X.

Spanwise distributions of axial velocity, at Y=0.85 in. (mid-lobe height) and at Y=2.55 in. {close to shroud),
are shown in Figure 336. At Y=0.85 in,, the axial velocity difference between the crests and wroughs, due to indi-
vidual chutes along spanwise direction, gradually diminishes with increasing X due to mixing (Figure 336(a)).
However, at Y=2.55 in., the traverse locations lie in the gap between the mixer and the shroud. Therefore, the
velocity distribution about ! in. downstream of the mixer exit (3=-9.4 in.) basically shows the uniform secondary
flow velocity of about 650 ft/sec (Figure 336(b)). With the gradual mixing between core and secondarv flows along
imcreasing X (particularly due to vectoring of hot flow for the vortical mixer), crests and troughs due to individual
chutes are noted along spanwise velocity distributions. The velocity difference between the crests and troughs
mcreases considerably downstream due to dominant migration of primary stream towards the shroud for the vorti-
cal mixer.

The effect of NPR on axial and spanwise velocity distributions are described in Figure 337. Axial velocity dis-
tributions occur in the middle of secondary flow (along the traverse 3 at Y=1.10 in. and Z=0, Figure 337(2)). The
secondary flow velocity near the mixer exit for NPR=3.5 is distinctly higher compared to that for NPR=2.5. Fur-
ther downstream, the velocity distributions are somewhat similar, but at large distances downstream, higher NPR
results in a larger velocity (Figure 337(a)). The spanwise velocity distribution at X=-3.4 in. and Y=0 shows higher
velocity levels for NPR=3.5 compared to that for NPR=2.5 across the entire span (Figure 337(b)). Also note the
relative level of unmixedness at this downstream distance for both NPR.

The effect of flight simulation on velocity distributions along axial and spanwise directions for NPR=3.5 are
shown in Figure 338. Velocity distributions along the X-direction are taken along the secondary flow at Y=1.10 in.
and Z=0 (along point 3 of Figure 333). Close to the mixer exit, the velocity increases with flight and the trend is
reversed beyond X=-7.5 in. (Figure 338(a)). The effect of flight is to initially incresse secondary flow entraimned
velocity. However, because of reduced shear, secondary flow velocity does not increase as quickly for the flight sit-
uation as for the static case. Spanwise distribution at X=-3.4 in. shows that the peak velocities of the primary jet
remain higher for flight case due to reduced shear (Figure 338(b)).

4.4.2.8 Effect of Mixer Design (Axial ¥s Yortical)

Some of the internal LDV results for the axial mixer configuration are compared with those for a vortical
mixer-gjector configuration to show the effect of mixer design on velocity distributions internal to the ejector.
Comparison of spanwise velocity distributions between vortical and axial mixer-gjector configurations, at X=-9.4
in. {close to mixer exit), for several vertical locations (Y), is shown in Figure 339. For both mixer-gjector configu-
rations, the velocity at the crests is reasonably the same at Y=0 and Y=0.85 in. However, the crest velocity level
significantly diminishes for the vortical mixer configuration with increasing vertical positions greater than 0.85 in.
At Y=2.55 in, the velocity distribution basically shows uniform secondary flow velocity of about 650 ft/sec
(Figure 339(d)) for the vortical mixer, since the traverse locations lie in the gap between the mixer and the shroud.
There is no appreciable gap between the mixer and the shroud for the axial configuration. Hence, the influence of
primary stream is retained at higher vertical locations, including at Y=2.55 in., for the axial mixer-ejector configu-
ration. The velocity at the crest with increasing Y remains the same for a certain height and then decreases rapidly
for the vortical mixer configuration. However, for the axial mixer configuration, the crest velocity level increases
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and then slowly decreases with increasing Y. The trough velocity for the vortical mixer decreases with increasing Y
up to ¥Y=0.85 in., and then remains more or less the same for the rest of the ejector height. For the axial mixer-ejec-
tor, the trough velocity remains reasonably the same with increasing Y to about Y=1.7 in., and then decreases rap-
idly from about 700 ft/sec to about 200 fi/sec between Y=1.7 in. and Y=2.55 in.

Comparison of spanwise velocity distributions between vortical and axial mixer-gjector configurations, at
Y=0, for several axial locations (X), is shown in Figure 340. For both mixer-gjector configurations, the axial veloc-
ity difference between the crests and troughs, due to individual chutes along spanwise direction, gradually dimin-
ishes with increasing X due to mixing. At X=-9.4 in., the peak velocity levels due to core fiow are nearly the same
for both mixers. However, the velocity at the trough is much higher for the vortical mixer compared to the axial
configuration. With increasing X, the velocities at the crest and at the trough are higher for the vortical mixer com-
pared to the axial configuration, indicating that additional spanwise vorticity induced by the vortical mixer is not
effective in improving mixing relative to the axial mixer.

Comparisons of spanwise velocity distributions between vortical and axial mixer-ejector configurations, at
X=-3.4 and Y=0, for two different nozzle aerothermodynamic conditions are shown in Figure 341. For both mixer-
giector configurations, the entire spanwise velocity distributions increase with increasing NPR. However, the
velocity distributions for the vortical mixer are higher compared to the axial configuration for both nozzle condi-
tions.

These sets of extensive LDV data could be used for further CFD validation, internal ejector noise modeling,
and understanding the physics of mixing in high speed ejectors.

4.5 COMPUTATIONAL STUDIES OF PRATT & WHITNEY MIXER-EJECTOR EXHAUST NOZZLE
CONCEPTS WiTH COMPARISONS TO GEAE CELL 41 EXPERIMENTAL DATA

451 Geometry

The exhaust system consists of a primary nozzle and a flight-type ejector. The primary nozzles are two-dimen-
sional (2-1), having identical symmetric (opposed) lobes, as shown in Figure 342. The area ratio of both nozzles,
Ag/Ags, 15 1.45. The lobes of the vortical nozzle have a constant ramp angle of 15 degrees, and a lobe aspect ratio
of 2.52. The nozzle is mounted within and to the ejector such that the secondary to primary area ratio, AdA,, is
2.274. The surface geometry was received from P&W in three files in SPEC395 format. One file was received for
the internal hot flow mixer surface, one for the cold flow external mixer surface, and one for the gjector shroud.
The axial nozzle nominally has the same exit area ratio as the vortical nozzle; however, the lobe’s initial ramp angle
of about 12 degrees is turned back to horizontal at the exit plane. The surface geometry was received from P&W as
an ICEM IGES file. The geometry for both mixer-ejector exhaust systems can be characterized numerically by the
information found in Table 11.

4.5.2 Grid Generation

4.8.2.9 Bachground

With interest now focusing on real world three-dimensional (3D) problems, and the desire to accurately predict
or model complex physics, grid generation has become a pacing issue. Techniques for generating structured grids
mclude elliptic grid generators, hyperbolic generators, algebraic methods, transfinite interpolation techniques, and
conformal mapping. A previous mixer-gjector design was meshed at P& W using the conformal mapping technique
of Ives and Zacharias (1). An alternative approach is used for the current analysis efforts. Since the production ver-
sion of the NASTAR flow solver code required a structured, single block grid, it was determined that the full 3D
grid could be generated by defining 2D cross-sectional grids at predefined axial stations, and then stacking these
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together to define the 3D grnid. This approach (called dimension reduction) redefines the grid generation task into
two separate efforts. The second stage of the mesh generation process involves stacking the cross-sectional grids to

form a 3D mesh,

Table 11. High Speed Civil Transport Mixer-Ljector Exhaust Nozzle System Geometries

Vortical Axial

Ramp Angle (Degrees) 15 12!
Outer Aspect Ratio (Cresi-to-Trough Ileight/Crest Width) 2.52 4.36
Mixer Lobe Trailing edge Information:

Crest-to-Trough Ileight (in.) 1.65 244

Crest Width (in.) 0.655 0.56

Trough Width (in.) 1.025 0.92
Characteristic Length:

Iot Passage Mixer Length (Trom Onset of Geometry (in.)) 3.725 5.865

Ilot Passage Mixer Length (From Lntrance Plane (in.)) 6.115 6.115

Cold Passage Mixer Length (From Onset of Geometry (in.)) 3.525 5.615

Cold Passage Mixer Length (From Entrance Plane (in.)) 6.115 6.115

Short (in.) Long (in.)

Shroud 11.86 19.9962
Mixer Trailing Ldge 10.46 18.596°
Shroud Trailing Kdge to Computational Ixit Plane 12915 9.779
Shroud Ileight (Centerline to Chord Trailing Ldge) 3.55 3.55
Tar Tield Boundary (Approximately 25 Shroud Ileights) 92.5 92.5
Mixer Thickness at Entrance Plane 0.34 0.34
Mixer Thickness at Trailing [dge . 0.03 0.03

! Approximate
2 Actual Long Shroud Model Chord Length = 20.250 in.
3 Actual Length = 18.850 in.

4.5.2.2 Grid Generation

An ideal grid generation process is one that is rapid, produces grids with little skewness, and has clustering
control. Since the overall grid was 3D, judicious choices of the axial stations were required. An alternative 2D grid-
ding technique using EXTOP2 was proposed. The EXTOP2 is a knowledge-base expert system multiblock grid-
ding code developed by J.F. Dannenhoffer (2,3). Although the code has multiblock capabilities, a single block grid
was generated. The power of this structured grid technigue is that only boundary definitions are needed; grid
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smoothing and stretching are functionally controlied (instead of only manually controlled) by the user; and a
knowledge base that can be used for additional or alternative axial cuts is maintained.

The process of generating the grid consists of a number of separate tasks. First, the vortical nozzle surface
geometry files, received from P&W in SPEC395 format, were converted to PLOT3D format and read into the
FIELDVIEW (4) visualization code. Axial cutting planes were prescribed (via an input file) and boundary data cor-
responding to the intersection of the cutting plane and the surface geometry were written to a separate file. For the
axial nozzle, the surface geometry obtained from the ICEM IGES file was sliced axially using the ICEM cutting
plane option. The resulting files, now containing intersections of cutting planes with all three geometric surfaces,
were postprocessed to give individual cut boundaries.

The determination of the axial cut locations was driven by two competing forces. Definition was needed near
the leading edge of the shroud, the trailing edge of the mixer, the onset of the mixer geometry, and the trailing edge
of the shroud. However, too many axial locations would cause the grid to grow rapidly in size. (Each axial station
introduced 90 x 35=3150 grid points.) There were also grid concerns near the leading edge of the ejector shroud
(5). A sheared H-grid is used here because of the requirement that the grid be a single block. This form can result in
numerical problems, reflected as a loss in total pressure in inviscid regions of the flow, if the grid cells exhibit too
much skewness or large aspect ratios, since control volumes with large skew have large flux balance errors (trunca-
tion error). In the ejector calculation, this error manifests itself via the entrained air between the ejector and the
nozzle having insufficient total pressure, thus effecting the predicted mixing capability of the ejector. With these
considerations in mind, Figures 343 and 344 show the 90 x 35 axial grid, somewhat truncated above the shroud,
along the crest and trough cuts of the vortical and axial mixer nozzles in a short and long shrouded ejector.

The next major step in the grid generation process was to generate the 2D cross-sectional grids at each axial
station. In some regions, this was a trivial task, particularly before the onset of the mixer geometry and after the
trailing edge of the shroud. The only requirements were that the three separate grid portions (the hot flow internal
passage, the cold flow exiernal passage, and the freestream passage) match at grid interfaces, and that viscous
stretching be applied at the grid interface prior to the leading and trailing edges of the shroud to capture any shear
layer that might develop. The 3D grid was generated cross section by cross section, and not as three passage grids
that were eventually tied together. Therefore, it was necessary to have the cross-sectional grids vary smoothly in
the axial direction since the 3D stacking process would necessarily identify corresponding triples as grid neighbors
(i, j, k). This was especially important along the mixer surface. The generation of the cross-sectional grids from the
onset of the mixer geometry to the trailing edge of the shroud was accomplished using the functionality of the
knowledge base available in EXTOP2. In this region, grid lines needed to be blended from horizontal o vertical
and back to horizontal with a single block grid, particularly near the trailing edge of the mixer lobe. This necessar-
ily implies that grid cells will have a wide range of skewness. To handle this sudden change in geometry, the stack
language available in EXTOP2 was used to determine the number of grid points to use in each segment of the
mixer surface (i.e., how many points along the crest, across the rise, and along the trough). This determination was
made as a function of axial location. Viscous stretching to the mixer surface, as well as to the lower surface of the
shroud, was also accomplished in this way. To reduce both the number and the effect of the highly skewed cells
induced by the severe crest to trough geometry, the EXTOP2 system was used to blend the mixer trailing edge to a
benign straight segment at the shroud trailing edge. This eliminated the viscous stretching, necessary along the
mixer surface, that is no longer aligned to the nozzle shear layer wake. Consequently, an unstretching operation
allows a more efficient use of the grid lines, and a blending of the grid from the mixer trailing edge to the shroud
trailing edge was introduced. Some cross-sectional grids are shown in Figure 345 (not all axial stations are shown).
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Cross-sectional grids include:

o The grid prior to the onset of the mixer geometry

o Grids up to the trailing edge of the mixer, including the leading edge of the shroud and the mixer lobe trail-
ing edge

= The nonlincar blending from the mixer trailing edge to the shroud trailing edge
«  Representative grids from the shroud trailing edge to the exit of the computational domain.

4.5.3 Flowfield Modeling

In this section, the computational fluid dynamics (CFD) analysis approach for modeling the mixer-gjector
flowfield is described. First, a brief description of the NASTAR code used, boundary conditions employed in the
simulation, and operation of the code is presented. A brief description of some recent analytical studies is also
included.

4.6.3.1 NASTAR Navier-Stokes Analysis

The viscous analysis used was the P&W NASTAR code. This NASTAR code solves the Reynolds-averaged
form of the governing equations for steady, 3D flows including the effects of turbulence and heat release due to
chemical reaction. The code was developed at P& W and is based on the method due to Rhie (6). The NASTAR
code represents a significant extension of the pressure-correction methodology used in the TEACH family of
codes (7). The governing equations are approximated using a finite-volume method. The discretized continuity and
momentum equations are used to derive a pressure-correction equation used in place of the continuity equation.
Rhie’s method provides a single-cell, generally curvilinear coordinate, procedure that is applicable for Mach num-
bers ranging from incompressible flow to hypersonic flow. The results described in the current study were obtained
using the two equation (k - €) model for turbulence developed by Jones and Launder (8). Boundary conditions for
the NASTAR analysis entailed specifying the total pressure and total temperature at the entrance to the mixer noz-
zle (i.e., upstream of the throat), and at the upstream end of the domain for the external flow. A constant value for
freestream static pressure was prescribed along both the upper boundary and downstream end of the domain. The
baseline flow conditions are listed in Table 12. The upper boundary was located approximately 92 in. above the
centerline of the nozzle to ensure that the near-region flow was not affected by the location of this boundary. Planes
of symmetry defined the lateral extent of the domain, and passed through the crest/peak and trough/valley of the
mixer. Finally, the lower boundary of the computational domain was also represented as a plane of symmetry.

Table 12. Baseline Flow Conditions for CI'D Analysis

Parameter Spmbol . Value
Tjector Back (Free Stream) Pressure P 14.5 psi
Free Stream Total Temperature Ty 530°R
Nozzle Pressure Ratio NPR 35
(Pop/P}
Primary Total Temperature Top 1275°F

The calculations were initialized using the freestream velocity everywhere except within the mixer nozzle,
where the velocity was set to one corresponding to a Mach number of 0.1 at the entrance stagnation temperature. In
the mixer, the static pressure was varied linearly from the entrance (total) value to the freestream static pressure at
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the end of the mixer, thereby avoiding sharp discontinuities in static pressure at the mixer exit. This is the recom-
mended method for initializing the flowfield for NASTAR when large pressure differences exist at the boundaries,
such as those that occur across a choked, underexpanded nozzle. The algorithm used in NASTAR provides for a
controlled amount of numerical damping tc be added to the calculation. The amount of damping is determined
from the local cell Reynolds number. For values of local cell Reynolds number greater than a user-specified maxi-
murm, sufficient dissipation is added to promote numerical stability. Generally (and in the present case), the user-
specified maximum cell Reynolds number was increased during the iteration to the recommended upper (minimum
added dissipation) limit. Various measures were used to determine whether the computation was converged suffi-
ciently. As with most CFD codes, NASTAR provides the user with periodic reports of the level of residual errors
that represent the extent to which the discrete form of the governing equations are in balance. In addition to the
residual history, selected integral measures were also monitored as the iteration proceeded. For example, the pump-
ing ratio (the ratio of secondary to primary mass flow rates at the mixer exit) was computed. This ratio approached
an asymptotic value, indicating that the iteration had essentially converged (see below). Also, mass conservation
requires that the flow rate within the shroud be constant from one axial position to another. An integral measure of
total enthalpy within the shroud was also monitored. Other applications of NASTAR to similar geometries are
described in Ref. 6.

4.5.4 WMixing Effectiveness Measures

There are presently no reliable flowfield-based parameters to assess jet noise penalties or improvements. Con-
sistent with previcus CFD studies, the quantities examined included:

s Shroud static pressure loading
«  Contours of stagnation temperature (T) at the mixing duct exit plane

«  Vertical (trough-cut) profiles of axial velocity (U), downstream of the mixing duct exit
» Pumping or aspiration ratio (w:ms/mp)
¢ (Gross thrust coefficient (Cvg)

= A mixedness parameter ([x]) based on the axial distribution of mass-averaged T,

[pu|Tox — ToudA)

n(x) = 100 1.0-
§ou[To— Tom|dA

where the subscripts x refers to the local axial plane, i to the initial axial plane in the mixing duct, and m to the fully
mixed-out plane.

45.5 Computational Fluid Dynamics Background

Pratt & Whitney and United Technologies Research Center (UTRC) have an extensive history of applying the
NASTAR Navier-Stokes analysis to axisymmeiric mixer nozzles and planar mixer-ejector exhaust systems. Most
recently, calculations (9) have been presented with comparisons o experimental data for the P&W GEN 1 (APT)
vortical mixer-ejector exhaust system. More extensive use of this computational resource has been limited by two
principal factors: grid generation time, and net solution CPU time. Tum-around éime for parametric designs is
strongly influenced by the time needed to go from a given CAD file for a lobe surface to a satisfactory grid, espe-
cially for single block grids. Recent experience indicates that viscous driven problems (like ejectors) require long
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CPU times to converge on pumping level and thrust coefficient performance parameters. For example, 2 200K grid
point fan problem requires about 1000 NASTAR iterations, while an equivalently sized mixer-ejector problem
requires 4000 to 8000 iterations. At the request of P&W, UTRC recently assessed (10) an altemative computational
approach using the multi-block GASP code in a Euler mode (LET 26) for flow in 2 lobed-mixer exhaust system
operating at a NPR of four. The general idea for using GASP in the Euler mode is to reduce computational time so
that computational fluid dynamics (CFD) can be used to rapidly assess alternative designs. The GASP code, with
its multiple-region grids, can also simplify grid generation. The GASP calculations were made assuming that the
flow is rotational but inviscid; that is, the code was operated in the Euler mode. The NASTAR computations were
made assumning fully viscous, turbulent flow. Comparison of the results shows, as expected, that the flow fields dif-
fer significantly, and, therefore, the Euler analysis can not be used to model mixer-ejector problems. Although the
pumping ratios computed by the two codes are similar, this agreement is considered to be fortuitous because the
mixer system operates differently with respect to entrainment of freestream air in the experiment {as opposed to on
the wing). Additional CFD studies (11) were recently performed to determine whether one can decouple the mixer
nozzle calculation from the mixing duct/secondary flow stream calculation. The motivation for such a calculation
is to simplify the use of the NASTAR single-block code, and eliminate the need to preserve grid continuity
between the nozzle and external flow regions. Such a calculation is predicated on a choked mixer nozzle, and little
or no upstream influence is expected. Results obtained by Chiappetta for the GEN 1 vortical nozzle single-zone
and dual-zone calculation demonstrate some measurable differences, especially in shroud loading, mixing effi-
ciency (%), pumping level and thrust coefficient (Ref. 4). These calculations, however, indicate that the mixing pat-
terns at the ejector exit are qualitatively equal. Parametric studies of the GEN 1 vortical nozzle have also been
completed (LET 26) using a simplified definition of the nozzle geometry, i.e. the lobes, or chutes, have been repre-
sented as rectangular, cross-sectional lobes having the equivalent area as the base or actual lobe. This approxima-
tion simplifies the grid generation process, and eliminates the need for continuous interaction with CAD-CAM
files. Comparison calculations for the GEN 1 nozzle, using the complete lobe definition and the rectangularized
surface, demonstrate that the approximate geomeiry resulted in somewhat lower levels of secondary flow pumping
and thrust coefficient (Tabie 13) due to cross flow separation around the fobe’s sharp corner. Both lobes produce
the same flowfield. These calculations showed that mixing results obtained using the same level of geometrical
approximation are comparable. Figure 346 shows the geometry and shroud loading distribution for the actal
(baseline) and squared (generic) mixer nozzles. Two solutions corresponding to the crest and trough distributions
are shown for each computed case. Figure 347 illustrates that the mixing duct exit plane total temperature distribu-
tions are largely identical.

Table 13. Squared Lobes Effect (Vortical Mixer, Short Shroud)

Case MAR NPR Top (°F) M ® 7 (%) Cyg
3: Base 1.18 40 1500 02 1.46 80.1 0.954
9206: Squared 1.18 490 1500 0.2 1.40 80.7 0.888

New configurations using this grid generation approach can produce practical grids in a matter of hours.
Results of NASTAR calculations that have been performed using this approach are presented on Table 14. The
results obtained for two different MAR values indicate that while increased lobe count improves flow mixedness
(n), nozzle loss also increases. Doubling the lobe count substantially improves the mixedness of the flowfield for
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MAR=1.18 (Figure 347), the thrust coefficient increases substantially, and the mixedness (1)) decreases as MAR

approaches one.
Table 14. Parametrics with Squared Lobes (Vortical Mixer, Short Shroud)
Number of .
Case MAR NPR Lobes Top (°F) M ® 1 (%) Cvg
9302 1.18 35 8 1500 02 1.68 90.1 0.884
9323 1.18 35 16 1500 02 1.59 93.5 0.798
9210 1.00 40 8 1500 02 1.28 82.4 0.949
9303 1.00 490 16 1500 0.2 1.28 84.5 0.939

These trade-offs of Cvg are somewhat similar to those obtained by Boeing (12) using the Compound Flow

Analysis (CFA93). This one-dimensional Navier-Stokes analysis uses specified mixing duct inlet flow conditions
and duct geometry to parametrically assess mixer-ejector system performance. The results indicate that vortical
mixers, with a slightly divergent mixing duct (MAR>1), have a greater primary flowpath pressure loss than an axial
mixer; however the enhanced mixing and more rapid pressure rise for the vortical mixers more than compensate for
these losses. Increasing lobe count escalates the pumping ratio without significantly effecting the gross thrust per-
formance (contrary to the results of the NASTAR calculations). Apparently, the increased lobe count induces addi-
tional mixing losses which overcome any additional momentum iransfer benefit.

United Technologies Research Center has also completed an analysis of GEN 1.5 mixer-ejector exhaust nozzle
concepts (13) using the P&W NASTAR Navier-Stokes code. The configurations selected for analysis were estab-
lished using baseline configurations proposed by P&W and GEAE. Parametric studies were also performed to
assess the performance of designs based on vorticity concepts that have evolved through work conducted at UTRC,
GEAE and the Massachusetts Institute of Technology (MIT). The primary results of these computational studies
show that high aspect ratio chute nozzles (4.0) are largely dominated by viscous-driven mixing, not vOrticity-
driven mixing. The mixedness parameter for the various nozzle designs is displayed on Figure 348. Two distinct
mixing rate regions are seen. In earlier work at MIT, researchers also cited this behavior and related it to the initial
sharp rise due to stirring, or vortically driven mixing, with 2 subsequently slower mixing growth rate attributed to
shear-layer effects. In the designs considered, the mixing is almost entirely due to shear layer effects {(Figure 349).
The initial rise appears o be a result of the growth of the almost two-dimensional shear layer on the chute side-
walls, while the later stower growth rate arises from the merging of these shear layers into the stratified flow. Other
results obtained from this study were:

s Mode switching may be a manifestation, on the shroud loading, of different types of normal shock wave
interaction with the secondary flow stream.

> High penetration chutes (100 percent) impose 2 high temperature layer on the shroud surface that persists
for the entire mixing duct length.

45.6 Discussion Of Resulis

NASTAR calcuiations have been performed for both the vortical and axial mixer nozzles in the short-shrouded
and long-shrouded ejector system. Calculations were performed for nozzles operating at a NPR of 3.5, and a pri-
mary flow total temperature of 1275°F (1735°R). Calculations were also run at slightly different flow conditions to
facilitate comparison with experimental data measured at the GEAE Cell 41 facility. The flowfield experimental
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data consisted of static pressure loading measured along the shroud mixing duct surfaces, and two-component
velocity measurements (axial U, vertical W) obtained using laser Doppler velocimetry (LDV). Table 15 provides a
matrix of the NASTAR calculations, flow conditions, and calculated performance characteristics (i.¢. @, 7, Cvg)‘

Table 15. Cell 41 Mixer Nozzle Analyses

Case Mixer Shroud NPR Top 1) M ® (%) Cog Comments
9322 v ‘S 35 1735 0.32 1.64 80 0.815 Baseline
9405 v S 3.5 1960 0.32 1.75 81 0.832 Tq Effect
9301 v S 3.5 1560 0.20 1.70 81 0.540 To. M, Lffect
9320 v L 3.5 1735 0.32 1.66 91 0.831 Baseline
9402 v L 3.8 1735 0.32 1.52 S0 0.827 NPR Effect
9403 v L 3.5 1635 0.32 1.60 90 0.827 Tg Effect
2302 v L 35 1960 0.20 1.57 94 0.897 To M, Cffect
9401 A S 35 1735 0.32 1.58 74 Baseline
9404 A S 4.0 1960 0.32 1.36 76 Tg, NPR Lffect
9406 A S 3.5 1960 0.32 1.68 76 To Lffect
9312 A S 3.5 1960 0.20 1.30 76 Tg. M, Lffect

£.5.6.1 VYortical Mixer Nozzie Comparisons

Calculations were performed for a vortical mixer nozzle/short shrouded ejector configuration operating at a
nominal test point of NPR=3.5 and T,;=1735°R (denoted as case 9322), and compared to experimental test points
868/871. The predicted static pressure loading on the shroud inside surface is only in fair agreement with the mea-
sured data (Figure 350). The leading edge suction effect is accurately modeled while the recovery freestream
static is less so. To examine solution sensitivity to input flow conditions, the effects of higher primary total temper-
ature {9405) and lower flight Mach number (9301) was examined. The effect of increased total temperature has
substantially improved the agreement in the pressure recovery region. Table 15 illustrates the effect of lower ram
drag, i.e. improved C,,, with lower flight Mach number. Mach number distributions (Figure 351) indicate the pres-
ence of a fairly strong shock midway down the mixing duct in the trough cut plane (9322) that is not present in the
higher primary temperature case (9405). Comparisons have also been made for the axial velocity field in the
exhaust plume from the ejector. The experimental axial velocity data, obtained from vertical plane LDV traverses
aligned to the rough plane, have been compared to the baseline 9322 case. A schematic diagram of the mixer-gjec-
tor geometry, the reference Cartesian directions, and the axial location of external and internal LDV traverse planes
are shown on Figure 352. Figure 353 shows a vertical direction trough cut comparison of the baseline 9322 case
with experimental traverse data. The experimental data, which consisted of a complete vertical run from below the
mixer to above the mixer, have been reflected about the nozzle symmetry axis. Little asymmetry about the axis is
seen. While the calculation predicts a centerline level approximately 10 percent lower than the observed experi-
mental data, the vertical distribution is in close agreement. A similar comparison in the horizontal or lateral center-
axis plane is shown on Figure 354. The computational solution has been replicated four times to illustrate an equiv-
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alent nozzle quadrant. The effect of the sidewall shear layer, clearly visible in the experimental data, is not modeled
in the calculation. A color contour plot of the calculated axial velocity field, replicated eight times to illustrate the
effective nozzle pattern at the gjector exit plane (Figure 355) with the corresponding nozzle exit plane exit for ref-

grence.

Equivalent computational studies have been performed for the vortical nozzle with a long shrouded ejector. A
baseline (9320) solution has been compared to experimental data obtained at different NPR and T,p Operating
points. Additional cases at a higher NPR (9402), and at a lower total temperature (9403), have also been calculated.
These solutions are compared to the measured shroud static pressure loading on Figure 356. The loading agreement
is quite good, with the computed solutions illustrating the observed effect of increased loading with increased NPR,
as well as an increased degree of nonmonotonic recompression. The effect of flight Mach number (9302) again
illustrates the positive effect on gross thrust coefficient (Table 15). The calculated Mach number distributions
shown on Figure 357 indicate that, while both solutions predict a strong mid-duct shock in the trough plane, the
higher NPR case shock appears to be stronger. Figure 358 presents a comparison of the axial velocity field at three
axial planes in the plume. The agreement is similar to that observed in Figure 353 for the short shrouded installa-
tion, with the same degree of mismatch along the centerline. The long shroud case calculated centerline velocity
appears in both cases to be approximately 10 percent lower than the short shroud case results. Figure 359 presents
a color representation of the replicated exit plane axial velocity field. The previously cited observation of a lower
level of axial velocity is corroborated by the basic shift of the color field to the green portion of the color spectrum.

Figure 360 illustrates a comparison of the computed exit plane total temperature distributions, as well as the
distribution in the long duct at an axial plane (x=-7.28 in.) equivalent to the short duct exit. Although the flow in
the long duct case is more mixed, the solutions at the same axial plane appear almost identical. The added mixing,
therefore, is due largely to the extra length and additional viscous forces. The calculated mixedness, 1} (Table 15),
also shows the long duct case is more mixed. No clear pattern emerges in the calculated values of pumping ratio ,
or gross thrust coefficient C5.

4.5.6.2 Axial Mixer Nozzie Comparisons

Calculations were performed for an axial mixer nozzle/short shrouded ejector configuration operating at 2
nominal test point of NPR=3.5 and T,,=1735°R (denoted as case 9401), and compared to experimental test points

1513/1512/1516. The predicted static pressure loading on the shroud inside surface is in poor agreement with the
measured data (Figure 361). The leading edge suction effect is accurately modeled, while the recovery to
freestream static appears to be dominated by a shock-driven pressure recovery process. Sensitivity to input flow
conditions by the solution was investigated. The effect of higher primary total temperature (9312), lower flight
Mach number (9301), and higher NPR (9404) were calculated, with little improvement over the baseline results. A
closer look at the mixing duct Mach number distributions (Figure 362) indicates the presence of a fairly strong
transonic region on the shroud lip in the trough cut plane. The bubble terminates in a shock which causes the wall
boundary laver to separate over most of the shroud length. Comparisons have also been made for the axial velocity
field in the exhaust plume from the ejector. The experimental axial velocity data, obtained from vertical plane LDV
traverses aligned to the trough plane, have been compared to the baseline 9401 case. Figure 363 shows a compari-
son of the baseline 9401 case with experimental vertical traverse data. The experimental data has again been
reflected about the nozzle symmetry plane. The calculation predicts a significantly different near-centerline behav-
ior than observed in the experimental data. The data seem to exhibit a shear layer-like behavior, while the calcula-
tion is much more uniform. A similar comparison in the horizontal or lateral center-axis plane is shown for
completeness {axial change: Figure 364, vertical change: Figure 365). The computational solution has been repli-
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cated four times to illustrate an equivalent nozzle quadrant. The effect of the sidewall shear laver, clearly visible in
the experimental data, is not modeled in the calculation.

An equivalent computational study has been performed for the axial nozzle with a long shrouded gjector. A
baseline (9311) solution has been compared to experimental data obtained at different NPR and T, operating
points. As above, the loading agreement shown in Figure 366 is not good, with the computed solutions iilustrating
a much more rapid recompression to ambient.

4.8.6.3 VYertical Velocity (W) Data

Vertical velocity traverse data are shown in Figure 367 at a position approximately 3.4-in. downstream of the
trailing edge of the shroud. Note that the velocity is designated as the W-component for the NASTAR computa-
tions and corresponds to the Y-component in the test program. The data are acquired in a traverse that is made from
below (above) to above (below) the plane of symmetry across the lobes; the data for Y<0 have been restated to the
positive Y-axis. In contrast to the level of agreement between the predicted and measured axial components, the
agreement between the predicted and measured vertical component is quite poor. These discrepancies persist at all
downstream locations. It has been concluded that the data are unreliable for present purposes for the following rea-
sons:

o The allowable test time for acquiring the LDV data was shorter than desired. For example, each data point
shown represents the average of approximately 50 samples acquired in a single burst of the data acquisition
system. Experience in making measurements in complex flows suggests that more reliable measurements
can be made by acquiring 2000 samples per data point. While the same problem occurs for all of the com-
ponents measured, the magnitude of the axial velocity is large encugh that these sampling errors are rela-
tively small; thus, for the axial component of velocity, the effects of the small sample size are relatively
unimportant in determining the mean value of this component.

s  The data recorded actually represent the magnitude of the velocity vector and a procedure is used to deter- -
mine the three Cartesian components. Errors associated with the small sample size have a greater impact
on the accuracy of the cross-stream components than on that of the axial component.

The accuracy problem can be made worse due to slight misalignments or imperfections in the model. The
NASTAR results were obtained by assuming that a plane of symmetry exists in the plane of the crest and trough
(the results shown above are for the trough location). It is difficult to guarantee that the data were acquired in the
plane of symmetry through the trough. The measured vertical component of velocity does not vanish on the hori-
zontal plane of symmetry across the lobes at Y=0 (Figure 367). Small shifts in the acrodynamic plane of symmetry
from the assumed geometric plane of symmetry can account for this discrepancy. The data show that the vertical
component does vanish on average at Y=0. It is possible that the vertical component would vanish there if larger
sample sizes were obtained.

NASA/CR—2005-213324 72



5. CONCLUSIONS

A hot flow aero-acoustic test was conducted to evaluate the impact of various geometric and design parameters

on the noise generated by a two-dimensional (2D) shrouded, eight lobe, mixer-ejector exhaust nozzle. Noise atten-
uation was ephanced by lining the shroud internal walls with acoustic panels which absorb acoustic energy gener-
ated during the mixing process. A total of 21 model configurations at 1:11.47 scale were tested. Two mixer designs
were investigated, the high-mixing vortical and aligned-flow axial, along with variations in the shroud internal
mixing area ratios and shroud length. The shrouds were tested as hardwall or lined with acoustic panels packed
with a bulk absorber. The models were tested over a range of primary nozzle pressure ratios and primary exhaust
temperatures representative of typical High-Speed Civil Transport (HSCT) aerothermodynamic cycles. Static and
flight-simulated data were acquired during testing. A round convergent unshrouded nozzle was tested to provide an
acoustic baseline for comparison to the test configurations.

1.

Caution should be used when acoustic testing with scale models less than 1/10 scale because difficulties with
data reduction can arise due to large atmospheric attenuation corrections.

The vortical mixer design with the long (216 inches full scale) acoustically treated shroud (MAR=0.97,
SAR=4.9) provided the largest sideline flight (V=357 ft/sec) noise reduction of better than 15 EPNAB below
the reference convergent nozzle at 2400 fi/sec unsuppressed primary jet velocity. (MAR is defined as the ratio

of shroud exit area to mixing plane area at the mixer exit plane. SAR is defined as the ratio of mixing plane
area at the mixer exit to primary mixer throat area.)

At unsuppressed primary jet velocities less than 2400 ft/sec, the vortical mixer with long acoustically treated
shroud with SAR=4.4 and MAR=0.97 provided an additional 1-2 EPNdB sideline flight noise reduction below
the SAR=4.9 results. This reduction occurred at both static and flight-simulated conditions (Mn=0.32,
Vg=357 fi/sec).

The vortical mixer design with the long acoustically treated shroud (SAR=4.9, MAR=0.97) showed a 1 t0 2
EPNAB sideline flight (V=357 ft/sec) noise reduction relative to the axial mixer design with the long treated
shroud (SAR=4.9, MAR=0.97) at unsuppressed primary iet velocity greater than 2200 fi/sec.

The vortical mixer with the long shroud (MAR=0.97 and SAR=4.9) and perforated plate over honeycomb
acoustic treatment packed with a bulk absorber demonstrated a 5-8 EPNdJB sideline noise reduction below the
long hardwall shroud at Mn=0.32 (V=357 ft/sec) over the entire range of unsuppressed primary jet velocity
tested.

The long 2D mixer-ejector designs with both treated and hardwall shroud (SAR=4.9, MAR=0.97) exhibited a
2-3 EPNdB azimuthal noise increase from the sideline to community (overhead) position over the range of
unsuppressed primary jet velocity tested at V=357 fi/sec.

The long hardwall shroud provided a 1-2 EPNdB reduction in sideline noise below the short hardwall shroud
with the vortical mixer (MAR=1.19, SAR=4.4) statically and at Mn=0.32 (V=357 fi/sec).

Flight effects at V=357 ft/sec accounted for approximately 2-3 EPNdB reduction in the sideline noise for the

long treated configurations 3 (vortical mixer/SAR=4.9/MAR=0.97), SR (vortical mixer/SAR=4.4/MAR=0.97)
and 13 (axial mixer/SAR=4.9/MAR=0.97).
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Acoustic data were obtained with the baseline round convergent nozzle and configuration 3 (vortical mixer/
long treated shroud/SAR=4.9/MAR=0.97) while holding varicus conditions constant. Data was measured at
constant jet velocity, turbine exit total temperature, and nozzle pressure ratio. The results show that the long,
treated mixer-ejector was more sensitive (larger noise increase) to changes in the throttie line than the baseline
round convergent nozzie.

The EPNL reductions from Cell 41 are similar to those obtained in the NASA-LeRC 9x15 LSWT although
spectral data show differences. The comparisons confirm technical concerns related to nearfield measurements
and facility noise in the NASA-LeRC 9x15 low speed wind tunnel (LSWT).

An aerodynamic mode switch from compound-compressible subsonic to compound-compressible sonic flow
within the ejector shroud was observed with both mixer designs. This phenomenon occurred during testing
with ambient temperature primary flow and at high NPR (<4.5). The mode switch was very gradual such that
definition of the nozzle pressure ratio at which the switch occurred was subject to interpretation. The mode
switch with the axial mixer was more subtle than that seen with the vortical mixer. The mode switch could be
controlled at nozzle pressure ratios less than 4.5, by using a short ejector (i.e. 120 inches full scale) shroud and/
or low mixing area ratic (MAR).

External plume laser Doppler velocimetry (LDV) measurements of the vortical mixer-ejector with long shroud
show an effect of ejector acoustic treatment on the ejector external velocity profiles. This effect was observed
with a diffusing mixing region (MAR=1.18 and SAR=4.9). Axial velocities at the ejector centerline were
nearly identical for both treated and hardwall ejectors. Axial velocities between the ejector centerline and ejec-
tor walls were higher (100 ft/sec) for the treated configurations as compared to the hardwall ejector at
flight-simulated conditions. Possible explanations for this are increased treated ejector wall boundary layer
blockage and effects of the thicker treated ejector boundary layer on internal ejector shock structure.

Vortical nozzie calculations of shroud pressure loading produce reasonable agreement with measured data. Pre-
dictions show: reduction in ram drag with lower flight Mach number, positive effect of flight Mach number on
thrust coefficient, and increased shroud loading with increased nozzle pressure ratio. Specific operating poimts
predict the presence of a strong shock in the shroud mixing region.

Experimental LDV measurements show that the sidewalls have an effect on the intemal mixing region flow-
field at least near the ejector exit plane. However, away from the sidewall, the vortical nozzle calculations,
which modeled one-half of a mixer lobe, produced velocity profiles which were in reasonable agreement with
LDV measured sidewall-to-sidewall axial velocity profiles. This geometry modeling scheme would become
more appropriate if the number of mixer lobes were increased reducing the significance of sidewall interac-
tions on the mixing region flowfield.

Calculations of the shroud static pressure loading and plume axial velocity field for the axial mixer nozzle con-
figurations are in poor agreement with measured LDV and static pressure data. The calculated pressure recov-
ery is dominated by a large scale zone of separation on the shroud surface, apparently induced by the lip shock/
boundary layer interaction.

Future Computational Fluid Dynamics studies should address possible grid sensitivity issues by axially redis-
tributing the computational mesh in the mixing duct region.
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Input Data
Modei Scale Standard Day Data at 40 ft (12.19 m) Arc

{

Background Correction
Subtract Background Noise Due to Tertiary Flow at Each Velocity

Scale SPL Levels
dB = 20 Logio(Diameter Ratio)

i

Flight Transformation

!

Extrapolate to Arc or Sideline
SPL = 20Log1o[RM0 ft (or 12.19 m)]
Add Atmospheric Attenuationstandard Day = & Standard Day(R)

Convert to Lossless
Add Atmospheric Attenuation A{f) = a )(R)
Where R = Actual Distance, ft.
o = Atmospheric Attenuation at A (f) for as Measured Day

Extrapolate to 40 ft (i.e., 12.19 m) Arc ~ Standard Day
Subract 20 Log10(40 ft (12.19 my/R (Actual Distance))

A{f) = oqStandard Day){f) 40 ft {or 12.19 m)

Qutput Files
Untransformed Model Data Corrected for Background Noise
Flight Transformed Model Data
Flight Transformed Scaled and Extrapolated
Data at Desired Arcs and Sidelines

Subtract Atmospheric Attenuation for 40 fi {12.19 m) Arc ~ Standard Day

{

Determine Scaled Frequency
fScaled = (IModel Scate) / (Diameter Ratio)
Diameter Ratic = (Diameter Full Scale) / (Diameter Modet Scale)

{

Qutput Data
Sound Pressure Levels (SPL)
Over All Scund Pressure Levels (OASPL)
Perceived Noise Levels (PNL)
Sound Power Levels (PWL)
Tone Corrected Perceived Noise Levels (PNLT)
Effective Tone Corrected Preceived Noise Level (EPNL)

Figure 19. Acoustic Data Processing Flowchart
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Figure 21. Comparison of Pseudo-EPNL, PNLT at Various Polar Angles (8) and Peak PNLT Data as a Function of
Jet Velocity Between Three Different Size Conical Nozzles at Static Condition
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Figure 22. Comparison of: (a) OASF, (b) PNL, and (c) PNLT Directivities at V;=1147 fi/sec, NPR=1.5, Tg=1000°R

Between Three Different Size Conical Nozzles at Static Conditions
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Figure 23. Comparison of PWL Spectra and SPL Spectra at Various Polar Angles (8) at ijl 147 fifsec, NPR=1.5,
T4=1000°R Berween Three Different Size Conical Nozzles at Static Condition
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Figure 24. Comparison of: (a) OASP, (b) PNL, and (c) PNLT Directivities at V;=1919 fi/sec, NPR=2.5, Tg=1325°R
Berween Three Different Size Conical Nozzles at Static Conditions
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Figure 25. Comparison of PWL Spectra and SPL Spectra at Various Polar Angles (8) at V;=19189 fi/sec, NPR=2.5,
Tg=1325°R Between Three Different Size Conical Nozzles at Static Condition
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Figure 26. Comparison of: (a) OASP, (b) PNL, and (c) PNLT Directivities at V;=2384 fi/sec, NPR=3.4, Tg=1 590°R
Between Three Different Size Conical Nozzles at Static Conditions
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Figure 27. Comparison of PWL Spectra and SPL Spectra at Various Polar Angles (8} at V;=2384 fi/sec, NPR=3.4,
Tg=1590°R Between Three Different Size Conical Nozzles at Static Condition
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Figure 28 Comparison of: (a) OASP, (b) PNL, and (c) PNLT Directivities at V;=2812 fi/sec, NPR=4.5, Tg=1860°R
Between Three Different Size Conical Nozzles at Static Conditions
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Figure 29. Comparison of PWL Spectra and SPL Spectra at Various Polar Angles (8) at VJ=281 2 fifsec, NPR=4.5,
Tg=I1860°R Between Three Different Size Conical Nozzles at Static Condition
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Figure 30. Comparison of Pseudo-EPNL, PNLT at Various Polar Angles (8) and Peak PNLT Data as a Function of
Jet Velocity Between Three Different Size Conical Nozzles With Flight Simulation (Mn=0.32)
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Figure 31. Comparison of: (a) OASF, (b) PNL,‘and (c) PNLT Directivities at Vy=1147 fi/sec, NPR=1.5, Tg=1000°R
Between Three Different Size Conical Nozzles With Flight Simulation (Mn=0.32)
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Figure 32. Comparison of PWL Spectra and SPL Spectra at Various Polar Angles (8) at V;=1147 fi/sec, NPR=1.5,
Tg=1000°R Between Three Different Size Conical Nozzles With Flight Simulation (Mn=0.32)
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Figure 36. Comparison of PWL Spectra and SPL Spectra at Various Polar Angles (8) at V;=2384 fi/sec, NPR=3.4,
Ty=1590°R Between Three Different Size Conical Nozzles With Flight Simulation (Mn=0.32)
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Figure 37. Comparison of. (a) OASF, (b) PNL, and (c) PNLT Directivities at V;=2812 filsec, NPR=4.5, Tg=1860°R
Between Three Different Size Conical Nozzles With Flight Simulation (Mn=0.32)
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Figure 38. Comparison of PWL Spectra and SPL Spectra at Various Polar Angles (8) at Vi=2812 ft/sec, NPR=4.5,
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Figure 45. Effect of MAR on PNLT vs. Angle — Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 fi, Ags=1086 in*, SAR=4.9, Vq=357 fi/sec)
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Figure 46. Effect of MAR on PNLT vs. Angle — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 f, Agv=1086 in®, SAR=4.9, V=357 fi/sec)
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Figure 47. Effect of MAR on PNLT vs. Angle — Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 fi, Agx=1086 in’, SAR=4.9, V=357 fi/sec)
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Figure 48. Effect of MAR on SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 f1, Ags=1086 ir*, SAR=4.9, Mn=0.32, Vq=357 fi/sec)
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Figure 49. Effect of MAR on SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 ft, Ag+=1086 in®, SAR=4.9, Mn=0.32, V=357 ft/sec)
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Figure 50. Effect of MAR on SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec
Vortical Mixer, Long Treated Shroud
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Figure 53. Effect of MAR, PNLT Versus Angle — Ideal Unsuppressed Primary Jet Velocity=15935 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 fi, Ags=1086 in®, SAR=4.4, Mn=0.32, Vg=357 fi/sec)
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Figure 54. Effect of MAR, PNLT Versus Angle — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 ft, Ags=1086 in?, SAR=4.4, Mn=0.32, V=357 ft/sec)
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Figure 55. Effect of MAR, PNLT Versus Angle — Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 fi, Ags=1086 in’, SAR=4.4, Mn=0.32, V=357 fifsec)
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Figure 56. Effect of MAR, SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 ft, Ag»=1086 in?, SAR=4.4, Mn=0.32, V=357 fi/sec)
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Figure 57. Effect of MAR, SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
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Vortical Mixer, Long Treated Shroud

(Sideline=1629 ft, Ag»=1086 in?, SAR=4.4, Mn=0.32, V=357 fi/sec)

NASA/CR—2005-213324 117



AR A B

..;..2.-;.‘

R It L R PaE
APPSR P SR
R G SO PO SO S R

R B L DIV A
e o fommpa v o ....%.‘.-.‘..

.....,..--:..

P
g

PRI W
pedebaden

PR

PR TR . R T .

A U AP O R G S .

3000

P

PR

—dand

boduniodd

e gmetnd

e

PRt

Sadente

PR
IS SV I .

PO SRR R

FUE TGS I, S

o v oy o

2800

DY YRR FPSD T
AU P PRI A T L

JRCTTGRE SO SR SNSRI PO N

ke B o]

O SN R S Q.

1 SRR S 9

USRI SRIPE PUE R O R

AR R
S SRS S
PO SR A S A

...-.~-..._a......s.a..~..~.
.:-.u..-..-._-....a__u.-.o,.

2600

NI
mgmereeoro

.......,..“.

dodedeone

2400

—fi/sec

R R S S01 EE ROt B -
; PRSI S .

[T B0 St
P B hfens
H e Jeska

i

2200

Jet Veloc

b

I
4
i
i
v
RESTS 33 T3

PR AP
:
‘
¥

R
R T
SRR S

2000
fimary

od 1

1800
nsuppresse

ideal U

R L L pow

.-{,.4.1.-..:.

....:._«..J_..

'.,..

- ....;

A SRR A T A R A2

3 3 '1--.'- -

,.,..,.,-.,.,, ..,.....,-,..

._..‘.....,.-

.\..,..,..,-.

bwZunomdonte

SN 0 AN

I AV SR A

1600

1400

x s 'a‘e- D R R R T RS R
T e B o s PR N :
VTP S . adembudeatad edendontatosbadoctoduuta
o b actondontne fadon wduepasdend RO SO0 G N S
e w g rpotr s foeen PR ANE PR SR ..,...,..,_,....,..,.,a.‘,.

T - . RSS! 1] P
ettt S ] - IS *

TSP A B ....,»......_.......n....
Fan v s 3 : B
0T PRI PR A S T et dmntnden ..:..e-.‘s..‘:..‘.a-.:..)'.vs‘
s $oul L $matond JORIPR I PN NG SIS
¥ a T s 4 Ly : H : H 3 N :
H . i . 5 s H H . . M
AN SR AN SRR SR A4 - —— M - B R A A
v M R VU v MRS MRS VY [ e
- JO-FRAN PO - Jempegers
STt AR 1 v 5 Lo SR SIS I T
o aaaien eda PO U0 S-S KNS SO
P R rr A by s Fi e Pt S e 0’ f h
RN NN D ; H NN SN ,%,;;g
i o denyed TR e ¥ sl e hi it yedeeied baard PRty
MRS H H H Lt N - PR : H S
s R A . . _x R P H i
ol SRl SRy BV et Fevredevr - A-r - LR e A s -
MR MRSt R v . « s s s [ IR s
e o -

P Y e
O R SICRNY DU U S0 e
S TR S SRR DU JE0 A —aeet

£ 5 v w L] MY

1200

1000

NASA/CR—2005-213324

Ottt

oot

8PN ~ INdT

118

Figure 59. Effect of MAR (Agyi/Amix) 00 Sideline Noise, Axial Mixer, Long Treated Shroud

4.9, Ags=1086 in’ Static)

1629 ft, SAR=

(Sideline



3000

2800

2600

2400

—{i/sec

2200

2000

TSRS SIS SO AN DU b4 PRI SIS + el - -.‘,.Q..:...:.. [RRIUN SN A SR AP
o 0 & 0 o ” ..: .)_. 4
$oodeedost Medoutend Bertiedebegoobndociodonfodeetedentedetuduntofonfodite e tugont oo oo sden faste e detend bodet
3 - TREEET BRI SR SRS R PRTIUE TSR DU U A A PR
- + -~ . -
i Jeutond Aenpesd et T
R I T ; FU IERCAUE NN IR WS
e 3w oo m § ol ferjontr Bl wnbafastiaformdostoduoiadnn P i Lo EEPR TR RS O B T 2 e
. (IR B IR ¢ i B S Rt ARt LR B S Senbednaudeeiosed eiachoiavingecin
MRS R IA Jehedenta
L LRI ) S SRR Y 7“.“.“‘._-' 'R v v s AU IRV
wdvebadnebodhadndondon 2 H a Sofentod wdenatudad o N Sastemtoste deetnduate o d
J T s a e T ¥ B T R R et et o PRSI o S B 1 et et R BT O B L R
PRI S - < 3 H -3 SEISPRIS § W] e} H + RSO JR TN S A JEPN T U 1Y
pegrmgee el Roteet -3 Mcat St Pt ‘ !
eedeopedodd oot redoe drehedeebaduetuciadatiafosiondechodecpdartedeatn
feeuntowenl epedenR -y I P Jeeferdiec} O T T2 PR LY O R s S e
LA A PR R 4. ¥ -1 ™ M M ORI SRS S AP PO . S
ARV TR SO - SHE ORI SISO ERRTEIREN JOEE ST ORI S0 S
S o i, FCNS IR ERENCRENN BTN,
T D AR L0 o S B O S
JRESUS I reduahed RS TS JUCUPS TR B A R T T P b
PRICIRINE YO IS 4.4 EURIIRNE FPRICIUN DRLINNT LI YN S5 BTN
ORI A _:.1..3. Sedent B IR R e s
!: f : -: ,: ‘k Aent '5..:- .‘:.-‘\..z....&.— -1u-t~-:~-’-~:— ..‘:.-{.-:_.i‘...i-.ﬂ..l...:-A
B R N ar Iyt 5 g JUF S St Jeepud DY DUCENY SULAN SERRS PRSI
NI lebed LI ST IUCIR I [ SSCINC SN SULIVIE JUL. A JU% . S0 SO S
BN PRI : : JREUE TN D
..:..I‘...‘L..{‘. .5.-:..{-'!-- ‘: .L : } .~:..‘{..:-.{.,,.J..:..e..:..
wieniodadodofortndecie $evhedent JURIE SIS0 SN S SN
) . . IR JRCIOR JULAS SN NS S ORI
H H : DO S 08 I O
fosgerdudenfecentastad focterfuseedostoniadedantadunt o
gt foajunined FIRRIDN PRI LR e e e
. cetedeatils
. Sdebadedan
-.&..:‘..é-.:.. ..:-.‘4..:...!-. .{_.:..i--}-. .4—-{..}.{.. ..:-.e..:..{..» .e‘.}..{..&.
SURURCIR SN DR UYL S JURLERE RS A B e e
deeetrieefecaetecbasubsemendeatofosbadeateden
ERRE G PR3 X SISk AR R RS T T B Tt 2t
ot SIS SIS, 1O 14 .|

1800 .
Ideal Unsuppressed Primary Jet Veloci

1600

.-S-.:._l...‘.. A.:._S..‘:-..i-- R Lol ‘_.}.- ..:..: .L :
ERCIE JHE I S SO SR O e St Loy S L R
g e Seer
red wdeafonneded
v T T TS IR I v b SRR T
WS- JUIS YU J: DD PRSPPI PP+ - rvvaed
T B S B e S i ek oty SEARC SIS 2 DI ELSE SEASE ARy
TCTINC NI PRI DU S S8 2N . JUCI SRESPS-
PRSI LSNP PN SIPPRAST DIV ) edeen e
I O i B B S i S T R
T SIUE FUCRN SRR SULIN DU%. UG S PRI RO S S 1 PO DU SRS SHLINS i
IINOUS JRCANS FULINE BURIORS VDO wdenn .
SRS IN TUC IS AU S-PR- .0 SO TIPS NN PRI e S SRS PPCTRERIES RESPRRRERS S
Y-S S-U-PE A Pt SO SIS IR PPN .-t ‘e

RS RSO S I S A DL AT N I

A - e

NASA/CR—2005-213324

001
8PNd3 ~ INd3

119

1400

1200

1000

Figure 60. Effect of MAR (Aqxi/Amix) o1 Sideline Noise, Axial Mixer, Long Treated Shroud

357 fi/sec)

2, Mn=0.32, V=

m

1629 ft, SAR=4.9, Agx=1086 i

(Sideline



O configurstion s Bassline Round Conic Nezzke
3 Configurstion 13 9.97 AR
¥ Configuration 21 8.8 AR

% e R R R R R R Q‘e..

: : % : : SETREER A W :

72 N :

I 3 R SSOTOPRR: TP RN SUROUROIOE PRI SYUPOOOTS:
N : : : : : : :
L - - o - - - -
5 B
B : : : : : : :
&
P : : : : z : §

5 . w..

5
o i
o L# : : z : : z :
S a s ] T a 5 i

o 2 % & &0 %0 120 140 180

Polar Angle — deg

Figure 61. Effect of MAR, PNLT Versus Angle — Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec
Axial Mixer, Long Treated Shroud
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Figure 62. Effect of MAR, PNLT Versus Angle — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Axial Mixer, Long Treated Shroud
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Figure 63. Effect of MAR, PNLT Versus Angle — Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec
Axial Mixer, Long Treated Shroud

(Sideline=1629 ft, Ag+=1086 in®, SAR=4.9, Mn=0.32, V=357 fifsec)
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Figure 64. Effect of MAR, SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec
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Figure 69. Effect of SAR, PNLT Versus Angle — Ideal Unsuppressed Primary Jet Velocity=1595 ft/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 ft, Ag»=1086 in?, MAR=0.97, Mn=0.32, V=357 fi/sec)
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Figure 70. Effect of SAR, PNLT Versus Angle — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 ft, Ag»=1086 in’, MAR=0.97, Mn=0.32, V=357 fifsec)
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Figure 71. Effect of SAR, PNLT Versus Angle — Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 fr, Ags=1086 in’, MAR=0.97, Mn=0.32, Vq=357 fi/sec)
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Figure 72. Effect of SAR, SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=1595 ft/sec
Vortical Mixer, Long Treated Shroud
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Figure 73. Effect of SAR, SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 fi, Age=1086 in*, MAR=0.97, Mn=0.32, V=357 fi/sec)
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Figure 74. Effect of SAR, SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec
Vortical Mixer, Long Treated Shroud

(Sideline=1629 ft, Ag==1086 in2, MAR=0.97, Mn=0.32, Vq=357 ft/sec)
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Figure 79. Mixer Comparison, PNLT Versus Angle — Ideal Unsuppressed Primaary Jet Velocity=1595 fi/sec
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Figure 81. Mixer Comparison, SPL Versus Frequency — Ideal Unsuppressed Primaary Jet Velocity=1595 fi/sec
Long Shroud
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Figure 89. Effect of Treatment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag==1086 in®, Mn=0.32, Vq=357 fi/sec)
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Figure 90. Effect of Treamment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2394 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag+=1086 in’, Mn=0.32, V=357 fi/sec)
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Figure 91. Effect of Treatment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag+=1086 in®, Mn=0.32, V=357 fi/sec)
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Figure 92. Effect of Treatment on Noise, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag«=1086 in’, Mn=0.32, V=357 fifsec)
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Figure 93. Effect of Treatment on Noise, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2384 ft/sec, Vortical Mixer, Long Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag+=1086 in?, Mn=0.32, V=357 fi/sec)
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Figure 94. Effect of Treamment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag«=1088 in%, Mn=0.32, Va=357 filsec)
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Figure 97. Effect of Treatment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=1595 fifsec, Axial Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag+=1086 in®, Mn=0.32, V=357 fifsec)
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Figure 98. Effect of Treatment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Axial Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ags=1086 in*, Mn=0.32, V=357 fi/sec)
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Figure 99. Effect of Treatment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec, Axial Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag+=1086 in®, Mn=0.32, V=357 fi/sec)
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Figure 100. Effect of Treatment on Noise, SPL Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec, Axial Mixer, Long Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag+=1086 in?, Mn=0.32, Vq=357 fi/sec)
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Figure 10]. Effect of Treatment on Noise, SPL Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Axial Mixer, Long Shroud
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Figure 102. Effect of Treatment on Noise, SPL Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec, Axial Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ags=1086 in’, Mn=0.32, V=357 ft/sec)
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Figure 104. Liner Astenuation, SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Vortical Mixer, Long Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag+«=1086 in?, Mn=0.32, Va=357 fi/sec)
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Figure 105. Liner Attenuation, NOY Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag»=1086 in®, Mn=0.32, V=357 fi/sec)
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Figure 106. Liner Attenuation, SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Vortical Mixer, Long Shroud

(Sideline=1629 ft, SAR=4.4, MAR=0.97, Ag:+=1086 in?, Mn=0.32, Va=357 fi/sec)
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Figure 107. Liner Attenuation, NOY Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.4, MAR=0.97, Ag+=1086 in®, Mn=0.32, Vq=357 fi/sec)
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Figure 108. Liner Attenuation, SPL Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Axial Mixer, Long Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Agx=1086 in’, Mn=0.32, V=357 fi/sec)
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Figure 109. Liner Attenuation, NOY Versus Frequency — Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec
Axial Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Agx+=1086 in®, Mn=0.32, V. =357 fi/sec)
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Figure 115. Effects of Deteriorated Treatment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=1595 fifsec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.4, MAR=0.97, Ag+=1086 in®, Mn=0.32, V=357 fi/sec)
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Figure 116. Effects of Deteriorated Treatment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.4, MAR=0.97, Ag==1086 in?, Mn=0.32, Vq=357 fi/sec)
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Figure 117. Effects of Deteriorated Treatment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.4, MAR=0.97, Ags=1086 in%, Mn=0.32, V=357 fi/sec)
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Figure 118. Effects of Deteriorated Treatment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 ft, SAR=4.4, MAR=1.19, Ag+=1086 in?, Mn=0.32, Vq=357 fi/sec)
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Figure 119. Effects of Deteriorated Treatment on Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.4, MAR=1.19, Ags=1086 in%, Mn=0.32, Vq=357 fifsec)
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Figure 120. Effects of Deteriorated Treatment on Noise, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.4, MAR=0.97, Ag+=1086 in?, Mn=0.32, V=357 fi/sec)
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Figure 121. Effects of Deteriorated Treatment on Noise, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.4, MAR=0.97, Ag+=1086 in?, Mn=0.32, V=357 fi/sec)
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Figure 122. Effects of Deteriorated Treatment on Noise, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2812 ft/sec, Yortical Mixer, Long Shroud

(Sideline=1629 ft, SAR=4.4, MAR=0.97, Ag+=1086 in®, Mn=0.32, Va=357 fi/sec)
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Figure 123. Effects of Deteriorated Treatment on Noise, SPL Versus F. requency
— Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.4, MAR=1.19, Agx=1086 in’, Min=0.32, V=357 fisec)
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Figure 124. Effects of Deteriorated Treatment on Noise, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2384 fifsec, Vortical Mixer, Long Shroud

(Sideline=1629 fi, SAR=4.4, MAR=1.19, Ag+=1086 in?, Mn=0.32, V=357 ft/sec)
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Figure 127. Azimuthal Variation of Noise Levels, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=1595 fifsec, Vortical Mixer

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag==1086 in®, Mn=0.32, V=357 ft/sec)
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Figure 128. Azimuthal Variation of Noise Levels, PNLT Versus Angle
~— Ideal Unsuppressed Primary Jet Velocity=2384 firsec, Vortical Mixer

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag+=1086 in?, Mn=0.32, Va=357 fifsec)
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Figure 129. Azimuthal Variation of Noise Levels, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec, Vortical Mixer

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag«=1086 i, Mn=0.32, Vg=357 fi/sec)
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Figure 130. Azimuthal Variation of Noise Levels, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec, Axial Mixer

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Agx=1086 in*, Mn=0.32, V=357 fifsec)

NASA/CR—2005-213324 189



O Sideline  25dsg
{0 Fedifics 60deg Treated Shroud
3k Community $0deg

x Sideline 25 deg
“+ Figed Mics 60 deg Hardwall Shroud
# Community S0 deg

T ettt et et
T e oot e e
TS0 OO SUPVOUURESUPROPUNE . . ~a SENOURIRI . SN B.... "
T2 e ot . - T S L TN :
o B SR B L BRA
N M
L -
LI N P N Ve FEURRRE AP
I PPN 007 .- SR RO .....
B :
BB e B e e e
720 N e ........
-3 FOUURY ¥ 7 OO SOOI ........... ........... ..........
T B e e ........... ..........
70 afepfh i ........... ........... T :
68 N E - : ) S ; E
T i ] ] T 1 I ]
13 0 40 & &0 100 120 140 180
Polar Angle — deg

Figure 131. Azimuthal Variation of Noise Levels, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Axial Mixer

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ags=1086 in®, Mn=0.32, Vq=357 filsec)
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Figure 132. Azimuthal Variation of Noise Levels, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec, Axial Mixer

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Agx=1086 in?, Mn=0.32, Vq=357 fi/sec)
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Figure 133. Azimuthal Variation of Noise Levels, SPL Versus Frequency
— ldeal Unsuppressed Primary Jet Velocity=2384 fi/sec, Vortical Mixer, Long Treated Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Agx=1086 in®, Mn=0.32, V=357 f/sec)
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Figure 134. Azimuthal Variation of Noise Levels, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Axial Mixer, Long Treated Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ags=1086 in®, Mn=0.32, V=357 fi/sec)
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Figure 135. Azimuthal Variation of Noise Levels, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Vortical Mixer, Long Hardwall Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Agx=1086 in?, Mn=0.32, Vp=357 fi/sec)
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Figure 136. Azimuthal Variation of Noise Levels, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2384 fit/sec, Axial Mixer, Long Hardwall Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Agx=1086 in?, Min=0.32, V=357 fi/sec)
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Figure 139. Effect of Shroud Length and Treatment, PNLT vs. Angle
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Vortical Mixer

(Sideline=1629 fr, SAR=4.4, MAR=1.19, Ag+=1086 in®, Mn=0.32, Vq=357 filsec)
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Figure 140. Effect of Shroud Length and Treatment, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Vortical Mixer

(Sideline=1629 ft, SAR=4.4, MAR=1.19, Agx=1086 in®, Mn=0.32, V=357 fifsec)
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(O Basetine Round Conic Nozzle - Static

{1 Baseline Round Conic Noxzie - Mn = 0.36
% Configurstion 3 - Static

X Configueation 3 - Mn = 0.32
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Figure 152. Effect of Flight Mach Number on Sideline Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec, Baseline Round Conic Nozzle, Vortical Mixer,

Long Treated Shroud, (Sideline=1629 ft, SAR=4.9, MAR=0.97, Agx=1086 in® )
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X Configuration 3 - Mn = 0.32
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Figure 153. Effect of Flight Mach Number on Sideline Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Baseline Round Conic Nozzle, Vortical Mixer,

Long Treated Shroud, (Sideline=1629 fi, SAR=4.9, MAR=0.97, Agx=1086 in®)
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Figure 154. Effect of Flight Mach Number on Sideline Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2812 ft/sec, Baseline Round Conic Nozzle, Vortical Mixer,

Long Treated Shroud, (Sideline=1629 ft, SAR=4.9, MAR=0.97, Ags=1086 in? )
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Figure 155. Effect of Flight Mach Number on Sideline Noise, SPL Versus Frequency

OIAE BNO (DU TREQUBNCY ~

— {deal Unsuppressed Primary Jet Velocity=2384 fi/sec, Baseline Round Conic Nozzle, Vortical Mixer,

Long Treated Shroud, (Sideline=1629 ft, SAR=4.9, MAR=0.97, Agx=1086 in%)
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O Bassline Round Conic Nozzle - Statie

{1 Baseline Reund Conic Nozzle - Mn = 6.36
% Configuration § - Static
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Figure 156. Effect of Flight Mach Number on Sideline Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=1595 fi/sec, Baseline Round Conic Nozzle, Vortical Mixer,

Long Hardwall Shroud, (Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag+=1086 in?)
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Figure 157. Effect of Flight Mach Number on Sideline Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Baseline Round Conic Nozzle, Vortical Mixer,

Long Hardwall Shroud, (Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag+=1086 in?)
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Figure 158. Effect of Flight Mach Number on Sideline Noise, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2812 fi/sec, Baseline Round Conic Nozzle, Vortical Mixer,

Long Hardwall Shroud, (Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag+=1086 in? )
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Figure 159. Effect of Flight Mach Number on Sideline Noise, SPL Versus F' requency
— Ideal Unsuppressed Primary Jet Velocity=2384fi/sec, Baseline Round Conic Nozzle, Yortical Mixer,

Long Hardwall Shroud, (Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag==1086 in® }
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O Increasing Primary Jet Yelocity
1 Deersasing Primary Jet Velocity
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Figure 168. Sideline Noise Hysteresis, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2340 ft/sec, Vortical Mixer, Long Hardwall Shroud

(Sideline=1629 fi, SAR=4.9, MAR=1.19, Agx=1086 in®, Mn=0.32, Vg=357 fi/sec)
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Figure 169. Sideline Noise Hysteresis, PNLT Versus Angle

— Ideal Unsuppressed Primary Jet Velocity=2637 fi/sec, Axial Mixer, Long Hardwall Shroud

(Sideline=1629 fi, SAR=4.9, MAR=1.19, Agx=1086 in?, Mn=0.32, V=357 fi/sec)
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Figure 170. Sideline Noise Hysteresis, PNLT Versus Angle

— Ideal Unsuppressed Primary Jet Velocity=2670 fi/sec, Axial Mixer, Long Hardwall Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag==1086 in®, Mn=0.32, V=357 fi/sec)
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Figure 171. Sideline Noise Hysteresis, SPL vs. Frequency
— Ideal Unsuppressed Primary Jet Velocity=2340 fi/sec, Vortical Mixer, Long Hardwall Shroud

(Sideline=1629 ft, SAR=4.9, MAR=1.19, Ag»=1086 in?, Mn=0.32, Va=357 fi/sec)
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Figure 172. Sideline Noise Hysteresis, SPL vs. Frequency
— Ideal Unsuppressed Primary Jet Velocity=2637 fi/sec, Axial Mixer, Long Hardwall Shroud

(Sideline=1629 fi, SAR=4.9, MAR=1.19, Agx=1086 in?, Mn=0.32, Va=357 ft/sec)
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Figure 173. Sideline Noise Hysteresis, SPL vs. Frequency
— Ideal Unsuppressed Primary Jet Velocity=2670 fi/sec, Axial Mixer, Long Hardwall Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag+=1086 in%, Mn=0.32, V=357 fi/sec)
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Figure 176. Constant Primary Jet Velocity (2384 fi/sec)
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Figure 177. Constant Primary Jet Velocity (2384 fi/sec)
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Figure 178. Sideline=1629 ft, Agx=1086 in?, Mn=0.32, Vq=357 fi/sec
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Figure 179. Off LIM Throttle Line Results, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Baseline Round Conic Nozzle,

(Sideline=1629 fi, Ag+=1086 in’, Mn=0.32, Vg=357 fisec)
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Figure 180. Off LIM Throttle Line Results, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2384 ft/sec, Baseline Round Conic Nozzle

(Sideline=1629 ft, Ag+=1086 in?, Mn=0.32, V=357 ft/sec)
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Figure 181. Off LIM Throttie Line Results, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2384 fi/sec, Vortical Mixer, Long Treated Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag+=1086 in?, Mn=0.32, Va=357 fi/sec)
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Figure 182. Off LIM Throttle Line Results, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2384 ft/sec, Vortical Mixer, Long Treated Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ags=1086 in®, Mn=0.32, Vq=357 fifsec)
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Figure 183. Constant Primary Jet Velocity (2520 fi/sec)
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Figure 184. Constant Primary Jet Velocity (2520 fi/sec)
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Figure 185. Sideline 1629 fi, Agx=1086 in%, V=357 fifsec
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Figure 186. Off LIM Throttle Line Resuits, PNLT Versus Angle
— Ideal Unsuppressed Primary Jet Velocity=2520 fi/sec, Baseline Round Conic Nozzle

(Sideline=1629 fi, Agx=1086 in*, Mn=0.32, V=357 fi/sec)
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Figure 187. Off LIM Throttle Line Results, SPL vs. Frequency
— Ideal Unsuppressed Primary Jet Velocity=2520 fi/sec, Baseline Round Conic Nozzle

(Sideline=1629 ft, Agx=1086 in®, Mn=0.32, Vg=357 fifsec)
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Figure 188. Off L1M Throttle Line Results, PNLT Versus Angle
— ideal Unsuppressed Primary Jet Velocity=2520 fifsec, Vortical Mixer, Long Treated Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag:+=1086 in®, Mn=0.32, V=357 fi/sec)
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Figure 189. Off LIM Throtile Line Results, SPL vs. Frequency
— Ideal Unsuppressed Primary Jet Velocity=2520 fi/sec, Vortical Mixer, Long Treated Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Ag+=1086 in?, Mn=0.32, Vq=357 ftisec)
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Figure 190. Constant Turbine Exit Total Temperature (T;g=1590°R)
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Figure 191. Constant Turbine Exit Total Temperature (Tg=1590°R)
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Figure 192. Sideline 1629 fi, Age=1086 in*, V=357 fi/sec
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Figure 193. Off LIM Throttle Line Results, PNLT Versus Angle
— T\g=1590°R, Baseline Round Conic Nozzle

(Sideline=1629 fi, Ag+=1086 in?, Mn=0.32, V=357 fifsec)
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Figure 194. Off LIM Throttle Line Results, SPL vs. Frequency
— Tg=1590°R, Baseline Round Conic Nozzle

(Sideline=1629 1, Agr=1086 in*, Mn=0.32, V=357 fi/sec)
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Figure 195. Off LIM Throttle Line Results, PNLT vs. Angle — T,g=1590°R
Vortical Mixer, Long Treated Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ags=1086 i, Mn=0.32, V=357 fi/sec)
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Figure 196. Off LIM Throttle Line Results, SPL vs. Frequency — Tig=1590°R,

Vortical Mixer, Long Treated Shroud

(Sideline=1629 ft, SAR=4.9, MAR=0.97, Agx=1086 in?, Mn=0.32, Vg=357 fi/sec)
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Figure 197. Constant Primary Nozzle Pressure Ratio (NPR=3.0)

5

.

2 MNozzle Pressure Ratio

i ‘ :

4 11 12
Test Point Number

Figure 198. Constant Primary Nozzle Pressure Ratio (NPR=3.0)
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Figure 199. Sideline 1629 ft, Agx=1086 in?, V=357 fi/sec
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Figure 200. Off LIM Throttle Line Results, PNLT Versus Angle — NPR=3.0
Baseline Round Conic Nozzle

(Sideline=1629 ft, Agr=1086 i, Mn=0.32, Vq=357 fifsec)
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Figure 201. Off LIM Throttle Line Results, SPL vs. Frequency — NPR=3.0
Baseline Round Conic Nozzle

(Sideline=1629 ft, Ag+=1086 in’, Mn=0.32, Vg=357 fi/sec)
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Figure 202. Off LIM Throttle Line Results, PNLT vs. Angle — NPR=3.0
Vortical Mixer, Long Treated Shroud

(Sideline=1629 fs, SAR=4.9, MAR=0.97, Ags=1086 in’, Mn=0.32, Vg=357 fifsec)
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Figure 203. Off LIM Throttle Line Results, SPL vs. Frequency — NPR=3.0
Vortical Mixer, Long Treated Shroud

(Sideline=1629 fi, SAR=4.9, MAR=0.97, Ag+=1086 in®, Mn=0.32, V=357 fi/sec)
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Figure 205. Comparison of NASA-LeRc 9x15 and GEAE Cell 41, PNL Versus Polar Angle
— Ideal Unsuppressed Primary Jet Velocity=2518 fi/sec, Baseline Round Conic Nozzle

(Sideline=1629 fi, NPR=3.5, T,g=1735°R, Ags=1086 in%, Mn=0.20)

NASA/CR—2005-213324 . 261



& NASALeRCSxIS
[0 ceaECelas

FRKPT MDENVMDT BRE0V
rmeme MDCONRnETY o200

L3
wo

e MDCOBMDT DRSOV
rmems MDGeBmnT ORCOV

we
we

Figure 206. Comparison of NASA-LeRc 9x15 and GEAE Cell 41, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2518 fi/sec, Baseline Round Conic Nozzle

(Sideline=1629 fi, NPR=3.5, T,g=1735°R, Ag»=1086 in*, Mn=0.20)
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Figure 207. Comparison of NASA-LeRc 9x15 and GEAE Cell 41, PNL Versus Polar. Angle
— Ideal Unsuppressed Primary Jet Velocity=2518 fi/sec, Vortical Mixer, Fully-Treated Long Shroud

(Overhead at 1629 fi, SAR=4.9, MAR=1.19, Ag+=1086 in?, Mn=0.20, NPR=3.5, T;g=1735°R)
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Figure 208. Comparison of NASA-LeRc 9x15 and GEAE Cell 41, SPL Versus Frequency
— Ideal Unsuppressed Primary Jet Velocity=2518 fi/sec, Vortical Mixer, Fully-Treated Long Shroud

(Overhead at 1629 ft, SAR=4.9, MAR=1.19, Ag+=1086 in?, Mn=0.20, NPR=3.5, T=1735°R)
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Figure 209. Comparison of NASA-LeRc 9x15 and GEAE Cell 41, PNL Versus Polar. Angle
— Ideal Unsuppressed Primary Jet Velocity=2518 fi/sec, Vortical Mixer, Hardwall Long Shroud

{(Overhead ar 1629 fi, NPR=3.5, Tig=1735°R, Agx=1086 in%, Mn=0.20, SAR=4.9, MAR=1.19)
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Figure 210. Comparison of NASA-LeRc 9x15 and GEAE Cell 41, SPL Versus. Frequency
— Ideal Unsuppressed Primary Jet Velocity=2518 fi/sec, Vortical Mixer, Hardwall Long Shroud

(Overhead at 1629 ft, SAR=4.9, MAR=1.19, Ag+=1086 in?, Mn=0.20, NPR=3.5, T\g=1735°R)
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Figure 211.(a) Typical Static Pressure Distribution on the Internal Surface of the Ejector Shroud at Different
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(SAR=4.9, MAR=0.97, Shroud Length=18.85 in., T;=400°F)
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Figure 261. Effect of Increasing and Decreasing NPR on Axial Static Pressure Distribution on Shroud Surface

for Axial Mixer-Ejector Configuration at Static Condition
(SAR=4.9, MAR=0.97, Shroud Length=18.85 in., LIM Cycle)
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Figure 262. Effect of Increasing and Decreasing NPR on Axial Static Pressure Distribution on Shroud Surface for

Axial Mixer-Ejector Configuration at Static Condition
(SAR=4.9, MAR=0.88, Shroud Length=18.85 in., T,=400°F}
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Figure 263. Effect of Increasing and Decreasing NPR on Axial Static Pressure Distribution on Shroud Surface for
Axial Mixer-Ejector Configuration at Static Condition
(SAR=4.9, MAR=0.88, Shroud Length=18.85 in., T;=400°F)
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Figure 265. Normalized Shroud Force and Corresponding EPNL, Peak PNLT, and PNLT at Various Polar Angles
as Functions of NPR for Axial Mixer-Ejector Configuration at 460°F
(SAR=4.9, MAR=0.88, Shroud Length=18.85 in.)
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Figure 266. PNLT Directivities at Various NPRs at 400°F for Axial Mixer-Ejector Configuration
(SAR=4.9, MAR=0.88, Shroud Length=18.85 in.)
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Figure 267. SPL Spectra at a Number of Polar Angles for NPR=5.0 and 400°F for Axial Mixer-Ejector
Configuration (SAR=4.9, MAR=0.88, Shroud Length=18.85 in.)
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Figure 268. SPL Spectra at a Number of Polar Angles for NPR=5.2 and 400°F for Axial Mixer-Ejector
Configuration (SAR=4.9, MAR=0.88, Shroud Length=18.85 in.)
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Figure 269. SPL Spectra at a Number of Polar Angles for NPR=5.3 and 400°F for Axial Mixer-Ejector
Configuration (SAR=4.9, MAR=0.88, Shroud Length=18.85 in.)
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Figure 270. SPL Spectra at a Number of Polar Angles for NPR=5.4 and 400°F for Axial Mixer-Ejector
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Figure 272. Laser Doppler Velocimetry System With Axial Mixer-Ejector Nozzle Configuration With Short
Hardwall Shroud and Glass Windows on Sidewall — Mounted in Anechoic Chamber
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Figure 275. Comparison of Running Average Axial Velocity Components (V, ) With Those Obtained From 2000
Data Points and the Axial Components of Turbulence Intensity (TL, ) in the External Plume of the Axial

Mixer-Ejector Nozzie With Long Hardwall Shroud
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Figure 293. Axial Velocity Distributions Along Chute Height At Hot and Cold Flow Regions Close to Ejector Exit
Plane of Vortical Mixer-Ejector Nozzle With Hardwall Shroud
(SAR=4.9, MAR=1.18, X=0.65 in., Mn=0.32, NPR=3.5, T;=1735°R, V;=2518 fi/sec)
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Figure 295. Effect of Nozzle Pressure Ratio on Axial Velocity Distributions Along Y-Direction in External Plume of
Vortical Mixer-Ejector Nozzle With Hardwall Shroud (SAR=4.9, MAR=1.18, Z=0, Mn=0.32)
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Figure 300. Effect of Nozzle Pressure Ratio on Axial Turbulence Intensity Distributions Along Vertical (Y),
Spanwise (Z), and Axial (X) Directions in External Plume of Vortical Mixer-Ejector Nozzle With
Hardwall Shroud (SAR=4.9, MAR=1.18, Mn=0.32)
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Figure 307. Effect of (a) Shroud Length, and (b) Flight Simulation on Axial Turbulence Intensity Distributions

along X-Direction in External Plume of Vortical Mixer-Ejector Nozzle with Hardwall Shroud
(SAR=4.9, MAR=1.18, Y=2=0, NPR=3.5, T;=1735°R, V;=2518 fi/sec)
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Figure 320. Effect of Mixer Designs With Hardwall Shroud on Axial Turbulence Intensity Distributions Along
Axial (X), Vertical (Y), and Spanwise (Z) Directions in External Plume
(SAR=4.9, MAR=1.18, NPR=3.5, T;=1735°R, V;=2518 fi/sec)
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Figure 321. Effect of Shroud Length (Lgy) on Axial Velocity Distribution Close to Exit Plane of Hardwall Vortical
Mixer-Ejector Nozzle (SAR=4.9, MAR=1.18, X=0.65, Mn=0.32, NPR=2.5, T=1325°R, Vj-—-] 919 fi/sec)
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Figure 322. Effect of Shroud Length on Axial Velocity Distribution Close to Exit Plane of Hardwall Axial Mixer-
Ejector Nozzle (SAR=4.9, MAR=1.18, X=0.65, Mn=0.32, NPR=2.5, T;=1325°R, V;=1919 fi/sec)
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Figure 323. Effect of Shroud Length on Axial Velocity Distribution Close to Exit Plane of Hardwall Vortical Mixer-
Ejector Nozzle (SAR=4.9, MAR=1.18, X=0.65, Mn=0.32, NPR=3.5, T;=1735°R, Vj="-251 8 fifsec)
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Figure 324. Effect of Shroud Length on Axial Velocity Distribution Close to Exit Plane of Hardwall Axial Mixer-
Ejector Nozzle (SAR=4.9, MAR=1.18, X=0.65, Mn=0.32, NPR=3.5, T;=1735°R, V;=2518 fi/sec)
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Figure 325. Laser Beams Passing Through Sidewall Glass Windows of Mixer Ejector Nozzle Configuration With
Short Hardwall Shroud, Mounted in Anechoic Chamber
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Figure 332. Axial Velocity and Turbulence Intensity Distributions Along X-Direction, Internal to Ejector of
Axial Mixer-Ejector Nozzle With Short Hardwall Shroud
(SAR=4.9, MAR=1.18, Lgy=10.46 in., NPR=2.5, T;=1325°R, V;=1919 fi/sec)
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Figure 341. Comparison of Axial Velocity Distributions Along Spanwise (Z) Direction Between Vortical and
Axial Mixers at X=-3.4 in. and Y=0 at Two Different Aerothermodynamic Conditions, Internal to
Ejector With Short Hardwall Shroud (SAR=4.9, MAR=1.18, Lgy=10.46 in., Mn=0.32)
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Figure 342. Geometry of Pratt & Whitney Mixers (Not to Scale)
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APPENDIX A — LIST OF SYMBOLS

Symbol Definition
A Area (inz)
Ag Area — Primary Nozzle Exit (in%)
Ags Area — Primary Nozzle Throat (mz)
Agraye Area — Average Primary Nozzle Throat (in%)
Acore Area — Core Nozzle Exit (inz)
Amix Area — Internal Mixing Plane, Ag + A (inz)
Aexit Area — Ejector-Shroud Exit (inz)
Agan Area — Fan Nozzle Exit (inz)
As Area — Secondary Flow at Internal Mixing Plane (in%)
Avreated Area — Shroud Effective Acoustically Treated Surface (mz)
Across average Area — Shroud Average Cross Sectional Flow (inz)
CER Core Expansion Ratio, Ag/Ag»
Cvg Gross Thrust Coefficient
Cve = v
P* 1P
S _Drag = [V,pV - adA+ [(P—Pyn - 1A - 1, -HdA - m (V)
ejector ejector exit and shroud
exit shroud internal surface  internal surface
1-y
v . [PRTy 1_( Ptp) 7 ]
bE y-1 Pamo/ |
dA Infinitesimally Small Portion of Area
EPNL Effective Perceived Noise Level (EPNdB)
F - Drag Nozzle Gross Thrust Minus Drag (Ib)
He Shroud Exit Height (in.)
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Symbol Definition

Hm Shroud Throat Height (in.)

Hmxe Maximum Mixer Exit Height (in.}

i Unit Vector in Axial Direction

L, Lgy Ejector-Shroud Length (Shroud Throat to Shroud Exit) (in.)
L/D Normalized Treatment Parameter

mp, Primary Mass Flow Rate (Ib/sec)

mg Secondary Mass Flow Rate (Ib/sec)

M, Mo, M, Mg Mach Number

MAR Mixing Area Ratio, A/ Amix

n Unit vector normal to surface

N Number of samples

NOY Unit of Perceived Noisiness

NPR Primary Nozzle Pressure Ratio, P)/P

NPR, Critical Primary Nozzle Pressure Ratio, Py/P,
OASPL Overall Sound Pressure Level (dB)

P Static Pressure (psia)

Pamb Ambient Pressure (psia or inHg)

P P* Critical Static Pressure (psia)

PEN Mixer Penetration (%) = (Hmxe/Hm) x 100

PNL Perceived Noise Level (PNdB)

PNLT Tone Corrected Perceived Noise Level (PNTdAB)
pPpSs Mass Flow Rate (Ib/sec)

PRH Percent Relative Humidity

PS, P Static Pressure, Secondary or Cold Flow Stream Pressure (psia)
Pr Total Pressure (psia)

Py, Pop Primary or Hot Flow Stream Total Pressure (psia)
PWL Acoustic Power Level (dB)

R Gas Constant (ft-Ibg/lb,-°R)

SAR Shroud Area Ratio, Ay /Ags

NASA/CR—2005-213324
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Symbol

Definition

SL
SPL

Tamb
TI,

Vj’p’ Vjet’

v

Yj
X,ave
Vx,i

V., Uu
Vy, W

NASA/CR—2005-213324

Sideline Distance (ft)
Sound Pressure Level (dB)
Temperature (°R)
Ambient Temperature (°R)

Relative Axial Turbulence Intensity {percent)

N 2
Z va, avenvx,i]
1=1
'HX = 100 v N
X, ave

Free Stream Total Temperature (°R)
Initial Axial Plane Total Temperature (°R)
Fully Mixed Total Temperature (°R)
Local Axial Plane total Temperature (°R)

Primary Total Temperature (°R or °F)

Velocity Vector
Flight Velocity (ft/sec)

Ideal Unsuppressed Primary Jet Velocity (ft/sec)
Average Axial Velocity (ft/sec)

Instantaneous Axial Velocity (ft/sec)

Axial Velocity (ft/sec)

Vertical Velocity (ft/sec)

Shroud Exit Width (in.}
Shroud Throat Width (in.)
Primary Nozzle Mass Flow

Secondary Nozzie Mass Flow

Axial Cartesian Coordinate (in.)

Distance downstrearm of shroud throat to static tap location (in.}
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Symbol Definition

XL Normalized Shroud Static Pressure Tap Axial Location

Y,y Vertical Cartesian Coordinate (in.)

Z,z Spanwise or Lateral Cartesian Coordinate (in.)

AX Incremental shroud length associated with shroud pressure tap
(in.)
Polar Angle — Relative to Engine Inlet Axis (degrees)

Yy Azimuthal Angle — Measured relative to the vertical plane of the
fixed microphone array in the test facility {degrees)

7 Mixedness parameter based on the axial distribution of the mass
averaged total temperature (%)
n = 100 1.0-fpu]T0x_TomldA

JpulTo - T, |dA

P Local Flow Density (Ib,/ft>)

Y Ratio of Specific Heats

6l Pumping or Aspiration Ratio, my/m,,

T Shroud Internal Surface Shear Stress (ib/inz)

NASA/CR—2005-213324
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APPENDIX B — ACOUSTIC TEST RUN SCHEDULE

Configuration 1 — Baseline (3.241 in. diameter) Round Convergent Nozzle

Test Point Number Microphone
Run Number Tuble 7 Mach Number Position Comments
5 Static Sideline NPR =18
Tig = 330°R
7-1013172122141612151920 1-17 Static Sideline P17
241123 Tig=1925°R
33 0.30 Sideline NPR =138
Teg = 530°R
34 0.20 Sideline NPR=1.8
T =530°R
35 0.20 Sideline NPR =342
T = 530°R
36-395145555653 4652544344 1-17 0.36 Sideline
42 40 58
47 41 57 16, 16, 17 0.20 Sideline
50 5 0.30 Sideline
Configuration 2 — Yortical Mixer/Long Treated Shroud/SAR = 49/MAR = 1.1
Test Point Number Microphone
Run Number Table 7 Mach Number Position Comments
62656669 778285897881 7374 1-17 Static Sideline
96 86 99 70 90
6364676875683848879807275 1-17 Static Community —
9787987191 Overhead
116 119 120 123 139 111 108 104 1-15 0.36 Sideline
143 112 140 144 103 107 100
136 5 0.30 Sideline
137 5 0.30 Community —
Overhead
117 118 121 122 138 110 109 105 1-15 .36 Community —
142 113 141 145 102 106 101 Overhead
11512493 10, 16, 17 0.20 Sideline
11412592 10, 16, 17 0.20 Community —
Overhead

NASA/CR—2005-213324
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Configuration 3 - Vortical Mixer/Long Treated Shroud/SAR = 4.9/MAR = .57

Test Point Number Microphone
Run Number Table 7 BMach Number Position Commenis
149175199 198 179 178 171 169 1-15 Static Sideline
266 267 258 270 259 263 262
150 176 200 197 180 177 172 168 1-15 Static Commurity —
265 268 257 269 260 264 261 Overhead
183 5 0.30 Sideline
184 5 0.30 Community —
Overhead
153215203 194 182 162 165 166 i-15 6.32 Sideline
186 187 191 190 157 161 158
155216204 193 181 163 164 167 1-15 0.32 Community —
185 188 192 189 156 160 159 Overhead
152 214 202 195 211 206 207 210 1-8 0.36 Sideline
151 213 201 196 217 205 208 209 1-8 0.36 Community —
Overhead
Configuration 4 - Vortical Mixer/Long Treated Shroud/SAR = 49/MAR = 0.38
Fest Point Number Microphone
Run Number Table 7 Mack Number Position Comments
225 255 233 228 230 234 243 246 1-15 Static Sideline
251 250 254 247 237 238 242
226 256 232 227 231 235 244 245 1-15 Static Community —
252 249 253 248 236 239 240 Overhead
323 5 0.30 Community —
Overhead
324 5 0.30 Sideline
277 309 278 316 320 298 290 295 1-15 0.32 Sideline
306 302 317 303 283 287 286
276 310 279 315 319 297 289 296 1-15 0.32 Community —
305 301 318 304 284 288 285 Overhead
274312281 313321 299291 294 1-8 0.36 Sideline
275 311 280 314 322 300 292 293 1-8 0.36 Community -
Overhead
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Configuration 5 ~ Vortical Mixer/Long Treated Shroud/SAR = 4.4/MAR = 0.97

Test Point Number Microphone
Bun Number Toble 7 Mach Number Position Comments
378 415 414 411 410 406 403 402 1-9 Static Sideline Deteriorated
407 Treatment
(All Runs)
379 416 413 412 409 405 404 401 1-9 Static Community — Deteriorated
408 Overhead Treatment
{(All Runs)
391 5 0.30 Sideline Deteriorated
Treatment
392 5 0.30 Community — Deteriorated
Overhead Treatment
381 382 385 386 390 395 398 399 1-9 0.32 Sideline Deteriorated
394 Treatment
{All Runs)
380 383 384 388 389 396 397 400 1-9 0.32 Community — Deteriorated
393 QOverhead Treatment
{All Runs)
Configuration 5 — Vortical Mixer/Long Treated Shroud/SAR = 4.4/MAR = 8.97
Test Point Number Microphone
Run Number Fable 7 Mach Namber Position Comments
1078 1081 1082 1085 1086 1090 1-5,7-9 Static Sideline Restored
1093 1089 Treatment
1079 1080 1083 1084 1087 1091 1-5,7-9 Static Community — Restored
1092 1088 Overhead Treatment
1109 1106 1105 1102 1101 1057 1-5,7-9 0.32 Sideline Restored
1094 1098 Treatment
1108 1107 1104 1103 1100 1096 i-5,7-9 0.32 Community — Restored
1095 1099 Overhead Treatment
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Configuration 6 — Vortical Mixer/Long Treated Shroud/SAR = 4.4MAR = .88

Test Point Number Microphone
Run Number Table 7 Mack Number Position Comments
329 346 372 369 368 365 364 341 1-9 Static Sideline
360
330 347 371 370 367 366 363 343 1-9 Static Community —
361 Overhead
354 5 0.30 Sideline
355 5 0.30 Community —
Overhead
332 349 350 333 353 336 337 340 1-9 0.32 Sideline
357
331348 351 334 352 335 338339 1-9 0.32 Community —
356 Overhead
Configuration 7 — Vortical Mixer/Long Treated Shroud/SAR = 4.4MAR = 1.19
Test Point Number Microphone
Run Number Table 7 Machk Number Position Comments
419 447 450 451 455 459 443 442 1-9 Static Sideline Deteriorated
456 Treatment
(All Runs)
420 448 449 452 453 458 444 441 1-9 Static Community —~ Deteriorated
457 Overhead Treatment
(All Runs)
431 5 0.30 Sideline PDeteriorated
Treatment
432 5 .30 Community — Deteriorated
Overhead Treatment
422 423 426 427 430 435 438 439 1-9 0.32 Sideline Deteriorated
434 Treatment
(All Runs)
421 424 425 428 429 436 437 440 1-9 0.32 Community ~ Deteriorated
433 Overhead Treatment
{All Runs)
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Configuration 7R - Vortical Mixer/Long Treated Shroud/SAR = 4.4/MAR = 1.19

Test Point Number Microphone
Run Number Fable 7 Mack Number Position Comments
1050 1074 1073 1070 1069 1066 1-5and 7 Static Sideline Restored
Treatment
1051 1075 1072 1071 1068 1067 1-5and 7 Static Community — Restored
Overhead Treatment
1053 1054 1057 1058 1061 1065 1-5,7and 9 0.32 Sideline Restored
1062 ) Treatment
1052 1055 1056 1059 1060 1064 1-5,7and 9 0.32 Community — Restored
1063 . Overhead Treatment
Configuration 8 — Vortical Mixer/Long Hardwall Shroad/SAR = 4.9/MAR = 1.19
Test Point Number Microphone
Run Number Table 7 Mach Number Position Comments
480 483 484 487 542 545 546 569 1-15 Static Sideline
554 565 557 566 561 562 558
481 482 485 486 543 544 547 568 1-15 Static Community —
555 564 556 567 560 563 559 Overhead
491 494 495 497 503 519 522 570 1-15 0.32 Sideline
506 510 502 507 518 514 515
492 493 496 498 504 520 521 572 1-15 0.32 Community ~
505 509 501 508 517513 516 Overhead
511 499 574 10, 16,17 0.20 Sideline
512500573 10, 16,17 0.20 Community —
Overhead
Ty Microphone
Run Number NPR (°R) Mach Number Position Comments
468-475 1.5-5.0 Ambient Static Sideline Vjet Sweep
(0.5 increment)
476-479 3.1-34 Ambient Static Sideline Viet Sweep
(0.1 increment)
523-532 (526 527 Void) 3.9-30 Hot 032 Sideline Vjet Sweep
(6.1 increment)
533.535 3.1-33 Hot .32 Sideline Vjet Sweep
(0.1 increment)
539-541 3.1-33 Hot Static Sideline Vjet Sweep
(0.1 increment)

NASA/CR—2005-213324 433



Ty Microphone
Rur Number NPR (°R) Mack Number Position Comments
548-550 3.7-35 Hot Static Sideline Viet Sweep
{0.1 increment)
551-552 35-3.6 Hot Static Sideline Viet Sweep
{0.1 increment)
553 34 1130 Static Sideline
Configuration 9 ~ Vortical Mixer/Long Hardwall Shroud/SAR = 4.9/MAR = 0.97
Test Point Number Microphone
Run Number Table 7 Mackh Number Position Comments
577 580 581 584 585 588 593 594 1-9 Static Sideline
590
578 579 582 583 586 587 592 595 1-9 Static Community —
591 QOverhead
606 609 610 613 614 619 622 623 1-9 0.32 Sideline
618
607 608 611 612 615 620 621 624 1-9 0.32 Community —
617 Overhead
Tis Microphone
Run Number NPR {°R) Mach Number Pesition Comments
596-603 1.5-5.0 Ambient Static Sideline Vjet Sweep
(0.5 increment)
625-628 4.1-4.4 Ambient Static Sideline Viet Sweep
(0.1 increment)
629-631 4.3-4.1 Ambient Static Sideline Viet Sweep
(0.1 increment)
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Configuration 10 — Vortical Mixer/Long Hardwall Shroud/SAR = 44/MAR = 1.19

Test Point Number Microphone
Run Number Table 7 Mach Number Position Comments
669 666 657 654 645 649 650 653 1-9 Static Sideline
646
668 667 656 655 644 648 651 652 1-9 Static Community —
647 Overhead
634 637 638 641 642 680 681 684 -8 0.32 Sideline
676
635 636 639 640 643 679 682 683 i-9 0.32 Community —
678 Overbead
Ty Microphone
Run Number NPR (°R) Mach Number Position Comments
673 674 675 694-698 1.5-5.0 Ambient Static Sideline Viet Sweep
(0.5 increment)
699-704 35-30 Ambient Static Sideline Vijet Sweep
(0.1 increment)
705-708 3.1-34 Ambient Static Sideline Viet Sweep
{0.1 increment)
658-662 3.0-34 Hot Static Sideline Vjet Sweep
(0.1 increment)
663-665 3.3-31 Hot Static Sideline Viet Sweep
{0.1 increment)
686-688 3.1-33 Hot 0.32 Sideline Viet Sweep
(0.1 increment)
690-693 34-3.1 Hot 0.32 Sideline Viet Sweep
(0.1 increment)
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Configuration 11 — Vortical Mixer/Long Hardwall Shroud/SAR = 4.4/MAR = 0.97

Test Point Number Microphone
Run Number Table 7 Mack Number Position Comments
731 756 757 760 761 765 768 753 1-9 Static Sideline
764
732 755 758 759 762 766 767 754 1-8 Static Community ~
763 Overhead
734 735 738 739 742 746 747 7150 1-9 0.32 Sideline
743
733 736 737 740 741 745 748 748 1-9 0.32 Community -
744 Overhead
751 0.32 Sideline NPR =43
Tz = 1820°R
752 0.32 Sideline NPR =4.2
Tg=1795°R
Ty Microphone
Run Number (°R) Mach Number Position Comments
711-718 1.5-5.0 Ambient Static Sideline Vjet Sweep
(0.5 increment)
719-723 44-40 Ambient Static Sideline Vjet Sweep
(0.1 increment)
724-728 4.1-4.5 Ambient Static Sideline Vjet Sweep
(0.1 increment)
Configuration 12 - Vortical Mixer/Long Hardwall Shroud/SAR = 4.4/MAR = 0.88
Test Point Number Microphone
Run Number Table 7 Mack Number Position Comments
771774775778 817 813 812 805 1-9 Static Sideline
816
772773 776 777 818 814 811 810 1-9 Static Community —
815 Overhead
790 793 794 797 798 802 805 806 1-9 0.32 Sideline
801
791 792 795 796 799 803 804 807 1-9 0.32 Community —
800 Overbead
808 0.32 Sideline NPR =43
Tg= 1815°R
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T Microphone
Run Number NPR (°R) Mach Nember Position Comments
779-786 15-50 Ambient Static Sideline Vjet Sweep
(0.5 increment)
787 5.6 Ambient Static Sideline

Configuration 13 - Axial Mixer/Long Treated Shroud/SAR = 4.9/MAR = §.97

Test Point Number Microphone
Run Number Fable 7 Mach Number Position Commenis
1418 1454 1451 1450 1447 1443 1-9 Static Sideline
1442 1439 1446
1420 1453 1452 1449 1448 1444 1-9 Static Community —
1441 1440 1445 Overhead
1422 1423 1426 1427 1430 1434 1-9 0.32 Sideline
1435 1438 1431
1421 1424 1425 1428 1429 1433 1-9 0.32 Community —
1436 1437 1432 Overhead

Configuration 14 — Axial Mixer/Long Hardwall Shroud/SAR = 49/MAR = 1.19

Test Point Number Microphoune
Run Number Table 7 Mach Namber Position Comments

1147 1181 1184 1185 1188 1189 1-15 Static Sideline
1192 1193 1200 1201 1205 1204
1197 1168 1196
1148 1182 1183 1186 1187 1190 1-15 Static Community —
1191 1194 1199 1202 1206 1203 Overhead
1198 1169 1195
1151 1152 1155 1156 1159 1160 1-15 .32 Sideline
1163 1220 1213 1217 1164 1216
1209 1167 1212
1150 1153 1154 1157 1158 1161 1-15 0.32 Comimunity —
1162 1219 1214 1218 1165 1215 Overhead
1210 1166 1211
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T Microphone
Run Number NPR (°R) Mach Number Position Comments
1172-1179 15-50 Ambient Static Sideline Viet Sweep
{0.5 increment)
1243-1249 43-50 Ambient Static Sidefine Viet Sweep
(0.1 increment
excluding 4.5
1250-1252 49-47 Ambient Static Sideline Viet Sweep
(0.1 increment)
1180 1255-1261 15-50 860 Static Sideline Viet Sweep
(0.5 increment)
1262-1266 36-4.0 860 Static Sideline Vjet Sweep
(0.1 increment)
1267-1271 38-335 860 Static Sideline Vjet Sweep
(0.1 increment)
1272-1275 37-4.0 Hot Static Sideline Viet Sweep
{0.1 increment)
1276-1280 40-3.6 Hot Static Sideline Vjet Sweep
(0.1 increment)
1221-1229 4.3-35 Hot 0.32 Sideline Viet Sweep
(0.1 increment)
1230-1235 36-4.2 Hot 0.32 Sideline Vjet Sweep
(0.1 increment)
excluding 3.7
Configuration 15 - Vortical Mixer/Short Hardwall Shroud/SAR = 49/MAR = 1.19
Test Point Number Microphone
Run Number Table 7 Mack Number Position Comments
843 889 392 893 896 897 900 901 1-15 Static Sideline
913 912 908 909 877 904 905
844 890 891 894 895 898 899 902 1-15 Static Community —
914 911 907 910 878 903 906 Overhead
846 847 850 851 854 855 858 859 1-15 0.32 Sideline
881 868 884 872 880 867 864
845 848 849 852 853 856 857 860 1-15 0.32 Community —
882 869 883 873 879 866 865 QOverhead
871 885 862 10, 16, 17 0.20 Sideline Pt 17
Tg = 1890°R
870 886 861 10, 16, 17 0.20 Community — P17
Overhead T = 1890°R
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Ty Microphone
Run Number NPR (°R) Mach Number Bosition Comments
831-837 20-590 Ambient Static Sideline Viet Sweep
(0.5 increment)
838-842 3.0-50 860 Static Sideline Vjet Sweep
{0.5 increment)
Configuration 16 ~ Axial Mixer/Short Hardwall Shroud/SAR = 43/MAR = 1.19
Test Point Number Microphone
Run Number Table 7 Mack Number Position Comments
1497 1540 1537 1536 1532 1525 1-5, 7-10, 16, 17 Static Sideline
1524 1528 1528 1533 1521 ‘
1498 1539 1538 1535 1531 1526 1-5,7-10, 16, 17 Static Community —
1523 1530 1527 1534 1522 Overbead
1500 1501 1504 1505 1509 1516 1-5, 7-1¢, 16, 17 0.32 Sideline
1517 1512 1513 1508 1520
1499 1502 1503 1506 1510 1515 -5, 7-10, 16, 17 0.32 Community —
1518 1511 1514 1507 1519 Overhead
. Tis Microphone
Run Number NPR (°R) Mach Number Pasition Comments
1491-1495 3.0-50 Ambient Static Sideline Viet Sweep
(0.5 increment)
1496 53 Ambient Static Sideline
Configuration 17 — Vortical Mixer/Short Hardwall Shroud/SAR = 44/MAR = 1.19
Fest Point Number Microphone
Run Number Table 7 Mackh Number Position Comments
917959 1002 1003 1006 1007 1010 i-15 Static Sideline
1011 1032 1029 1025 1028 1036
1033 1037
918 1000 1001 1004 1005 1008 1-15 Static Community —
1609 1012 1031 1030 1026 1027 Overhead
1035 1034 1038
920921 924 925 928 929 932 933 1-15 0.32 Sideline
944 941 948 945 940 937 936
919922 923 926 927 930 931 934 1-15 0.32 Community ~
943 942 947 946 939 938 935 Overhead
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Tig Microphone
Run Number NPR {°R) Mach Number Position Comments
959-966 15-50 Ammbient Static Sideline Vjet Sweep
(0.5 increment)
967-973 3.1-25 Ambient Static Sideline Viet Sweep
(0.1 increment)
974-978 2.6-3.1 Ambient Static Sideline Viet Sweep
(0.1 increment)
excluding 3.0
979-986 1.5-5.0 860 Static Sideline Viet Sweep
(0.5 increment)
987-993 3.1-2.5 860 Static Sideline Vijet Sweep
(0.1 increment)
904.998 26-3.1 860 Static Sideline Viet Sweep
(0.1 increment)
excluding 3.0
1039-1043 3.4-3.0 Hot Static Sideline Vjet Sweep
(0.1 increment)
1044-1047 3.1-35 Hot Static Sideline Vjet Sweep
{0.1 increment)
excluding 3.4
949-956 3.0-23 Hot 0.32 Sideline Viet Sweep
(0.1 increment)
1015 2.4 Hot 0.32 Sideline
1020-1024 26-3.1 Hot 0.32 Sideline Viet Sweep
(0.1 increment)
excluding 3.0
Configuration 18 — Vortical Mixer/Short Treated Shroud/SAR = 44/MAR = 1.19
Test Point Number Microphone
Run Number Table 7 Mach Number Position Comments
1131211151116 1119 11201124 1-5,7-9 Static Sideline
1127 1123
1113 1114 1117 1118 1121 1125 1-5,7-9 Static Community ~
1126 1122 Gverhead
1143 1140 1139 1136 1135 1131 1-5,7-9 0.32 Sideline
1128 1132
1142 1141 1138 1137 1134 1130 1-5,7-9 0.32 Community —
11291133 Overhead
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Configuration 19 - Axial Mixer/Long Hardwall Shroud/SAR = 4.9/MAR = 0.7

Test Point Number Microphone
Run Number Table 7 Mach Number Position Comments
1326 1354 1357 1358 1361 1363 1-8 Static Sideline
1366 1367
1327 1355 1356 1359 1360 1364 1-8 Static Community —
1365 1368 Gverhead
1329 1330 1333 1334 1337 1338 1-8 0.32 Sideline
1341 1342
1328 1331 1332 1335 1336 1339 1-8 0.32 Community —
1340 1343 Overhead
Tis Microphone
Run Number NPR (°R) Mack Number Position Comments
1283-1285 1288-1262 15-5.6 Ambient Static Sideline Vjet Sweep
(0.5 increment)
1293-1301 47-39 Ambient Static Sideline Vjet Sweep
(0.1 increment)
1302-1303 4.1-4.2 Ambient Static Sideline Viet Sweep
{0.1 increment)
1304 1306-1312 1.5-5.0 860 Static Sideline Vjet Sweep
(0.5 increment)
1313-1319 4438 860 Static Sideline Viet Sweep
(0.1 increment)
1320-1323 39-43 860 Static Sideline Viet Sweep
0.1 increment)
excluding 4.0
1365 4.74 Hot Static Sideline
1370-1376 438-4.2 Hot Static Sideline Viet Sweep
(0.1 increment)
1377 46 Hot Static Sideline
1344-1350 45-39 Hot 0.32 Sideline Viet Sweep
(0.1 increment)
1351-1353 4.1-43 Hot 032 Sideline Viet Sweep
{0.1 increment)
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Ceonfiguration 20 — Axial Mixer/Long Hardwall Shroud/SAR = 4.9/MAR = (.88

Test Point Number Microphone
Run Number Table 7 Meack Number Position Comments
1407-1409 578 Static Sideline
1410 Static Sideline NPR =50
Tig = 1845°R
1415 1414 1412 5178 0.32 Sideline
1411 0.32 Sideline NPR =5.0
T = 1860°R
Tys Microphone
Run Number NPR (°R) Mach Number Peosition Commnents
1380-1383 3.5-5.0 Ambient Static Sideline Viet Sweep
(0.5 increment)
1384-1389 55-5.0 Ambient Static Sideline Viet Sweep
(0.1 increment)
1390-1392 5.1-5.3 Ambient Static Sideline Viet Sweep
(0.1 increment)
1393-1395 40-50 860 Static Sideline Vjet Sweep
(0.5 increment)
1396-1399 5.1-54 860 Static Sideline Vjet Sweep
(0.1 increment)
1400-1405 5448 860 Static Sideline Viet Sweep
(0.1 increment
excluding 4.9
1406 48 860 Static Sideline
Configuration 21 ~ Axial Mixer/Long Treated Shroud/SAR = 4.9/MAR = 0.88
Test Point Number Microphone
Run Number Table 7 Mach Number Position Comemenis
1457 1488 1485 1484 1481 1477 1-5,7-9 Static Sideline
1476 1480
1458 1487 1486 1483 1482 1478 1-5,7-9 Static Community ~
1475 1479 Overhead
1460 1461 1464 1465 1468 1472 1-5,7-9 0.32 Sideline
1473 1469
1459 1462 1463 1466 1467 1471 1-5,7-9 0.32 Community ~
1474 1470 Overhead
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APPENDIX C — COMPARISON OF GEAE AND P&W EPNL RESULTS

Acoustic results, where noted, were processed by General Electric Aircraft Engines (GEAE). The remainder of
the acoustic results were processed by Pratt & Whimey (P&W). Caution should be exercised when comparing
P&W and GEAE derived results because of differences in the assuraptions used for data reduction.

Table 16 defines the assumptions used by P&W in calculating the Effective Perceived Noise Level (EPNL) for
all the test configurations. At three representative primary jet velocities, the table shows the cumulative effect of
changing each P&W assumption to match those used by GEAE. The Boeing aircraft flight path of 5.5-degree climb
angle with 13.2-degree aircraft pitch angle was changed to a flat flight path, the exira ground attenuation was
removed, adjacent engine shiclding was removed, conditions were converted to free field, one engine was assumed
instead of four, and finally, a standard day was used instead of the hotter Federal Aviation Administration day. The
total difference in calculated EPNL between P&W and GEAE was 3.6 10 3.9 EPNdB.

Acoustic results processed by P&W and GEAE with identical assumptions showed excellent agreement. Fig-
ure compares the static and flight-simulated acoustic results processed by P&W and GEAE from Configuration 3
(vortical mixer/long treated shroud/Shroud Area Ratio = 4.9/Mixing Area Ratic = 0.97). The common assumptions
were one engine at free field, standard day conditions of S9F/70 percent relative humidity. A flat flight path was
used at 689-ft altitude and 1476-ft sideline distance {1629-ft hypotenuse).
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Table 16. Prast & Whitney Acoustic Assumptions Effect on EPNL

Ideal Unsuppressed Primary Jet Velocity (Risec)

1919 2384 2812
NPR=2.5 NPR=3.4 NPR=4.5
PW EPNL.(EPNdB) Tg=1325°R Fig=I590°R Tig=I860°R  EPNL Change
Boeing Flight Path 96.3 1039 108.2 Base
Extra Ground Attenuation (EGA)
Grass Field
4 Engines with Shielding FAA Day (T7°F,
70% rh.)
Flight Path 95.7 103.1 1076 -0.6t090.38
EGA 98.2 105.3 109.9 +2210 2.5
Shielding 99.3 106.5 1109 +1.010 1.2
Free Field 98.0 105.3 109.8 -1l 1.3
1 Engine 91.9 99.2 103.7 -6.1
Standard Day (59°F, 70% r.h.) 92.7 100.0 104.4 +0.7 10 0.8
Total Difference (EPNdB) 3.6 -3.9 -3.8
PW (EPNAB) 92.7 100.0 104.4
GEAE (EPNdB) 92.9 100.1 104.6
1 engine
Free Field
Standard Day (59°F, 70% r.h.)

Configuration 3 — Vortical Mixer/Long Treated Shroud; SAR =4.9; MAR =0.97

Agx = 1086 inzg Sideline = 1629 ft; Vfl = 357 ft/sec.
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APPENDIX D — MODEL SCALE EFFECTS

Caution should be used when acoustic testing with scale models less than 1/10 scale because difficuities can
arise with data reduction due to large atmospheric atienuation corrections.

After processing, some of the full-scale, 150-ft arc, noise spectra data exhibited a hook-up starting at approxi-
mately 2000 Hz. This result was a consequence of the small model scale (1:11.47) and the atmospheric attenuations
used to correct the measured data. As an example, the full-scale spectral data at 4000 Hz comes from model spec-
tral data at approximately 46,000 Hz. At those high frequencies, the atmospheric attenuation corrections are very
large. As a result, the corrections for atmospheric attenuation within the test facility were over estimated, causing
an overcompensation and hookup in the measured noise spectra typically starting at 2000 Hz full scale or approxi-
mately 23,000-Hz model scale. This was especially significant in the static and flight simulated data from the base-
line round convergent nozzle and the short ejector configurations (15, 16, 17, and 18) where model high-frequency
noise was most prevalent. Noise spectra from these five configurations that exhibited this hookup were corrected
by holding the full-scale, 150-f arc, 2000-Hz sound pressure level (SPL) constant from 2000 Hz o 10,000 Hz. If a
minimum SPL existed between 2000 Hz and 10,000 Hz, the minimum SPL was held constant from the frequency
at which the minimum occurred to 10,000 Hz. This correction was used because any other correction would impose
an arbitrarily chosen rolloff rate to the noise spectra data, thus creating some ambiguity in the test resulis.

Figures 369 and 370 illustrate the full-scale, Federal Aviation Admimistration (FAA) standard day, 150-ft arc
acoustic data hookup and correction for the baseline round convergent nozzle and Configuration 15 {vortical
mixer/short hardwall shrond/Shroud Area Ratio [SAR] = 4.9/Mixing Area Ratio [MAR] = 1.185) at Vjet = 2384 ft/
sec. Figures 371 and 372 show the same spectra extrapolated to the sideline position at 1629 ft. The corresponding
Tone-Corrected Perceived Noise Level (PNLT) directivity at Vjet = 2384 fi/sec are shown in Figures 373 and 374.
The reduction in measured aft noise is especially clear for the baseline round convergent nozzle, where the largest
change to the noise data occurred at the polar angles of 110 to 130 degrees. Finally, Figures 375 and 376 illustrate
the change in Effective Perceived Noise Level (EPNL), at static and flight simulated conditions, due to the data
correction for the baseline round convergent nozzle and Configuration 15. The effect of the data correction on Con-
figurations 16, 17, and 18 results were very similar in magnitude to that shown for Configuration 15.
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